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The reactions of silanes with transition metal carbonyls 
have been investigated under various conditions. Several 
types of silyl derivatives of transition metal carbonyls 
were prepared. The thermal reactions of [M(CO) ], or 
[mC-H,M(CO) J, and R3_,C1,Si# gave R3_,C1,5iM (CO) or 
R3_,C1,SiM(CO) mC. Hs CR aeeH 5 CH3, CoH; M = transition metal). 
Conformational effects were observed in the infrared spectra 
of some unsymmetrically substituted silyl derivatives. The 
thermal reaction of C1,SiH with [mC.H.Fe (CO) 5], gave 
3SiFe (CO) .1C,H., [1C,H,Fe(CO) ,]"[(C1,Si) ,Fe(CO}mC,H,], 
[WC,H.Fe (CO) ] FeCl,” and (C1,Si) ,HFe (CO) 1C,H,. 


Ste 


ees CP eo ese (01 S71) 5h e(CO) mC eH was also pre- 
pared from C1,SiFe (CO) >nC.H. and C1.,SiH under ultraviolet 
irradiation. This photochemical reaction, which was found 
to be general, yielded numerous silyl transition metal 
hydrides. Thus, Fe (CO) , and C1,SiH yielded C1,SiHFe (CO) , 
with evolution of carbon monoxide. Under more vigorous 
conditions disubstituted silyl derivatives were obtained 
(e.g. (C1,Si) ,Fe(CO) 4). 

The behavior of these hydrides as acids has been studied. 
With amine bases the ammonium salts were formed. Using 
(CoH,) ,N with Cl,SiHMn(CO) )1C,H, in hexane [(C,H,) ,NHI* 
[Cl,SiMn (CO) ,1C.H,] - was precipitated quantitatively. 


These anions were employed to displace halide ions from tin 
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resulting in silyl-tin transition metal derivatives. A 


reaction of [ (C,H NH]*[ C1.SimMn (co) 1C,H,CH,]~ and 


and C1.,Sn[Mn (CO) , 


5)3 3 2 


Sncl, gave C1,Sn(C1,5i) Mn (CO) .1C.H,CH, 
(SiC1,)7C,H,CH,].,. 
In many instances mass spectrometry, nmr and infrared 


proved indispensable tools in the determination of 


molecular composition and assignment of structure. 
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CHAPTER I 


A Review of Main Group IV* Derivatives of Transition Metal 


‘ Carbonyls 


This brief review is limited to the study of compounds 
with group IV-transition metal bonds which are a subgroup 
in main group-transition metal bonding. Over the past 
decade the interest in this field has grown immensely. 
Thus the present state of knowledge makes it undesireable 
mo cover the whole field ima brier review. Coverage has 
therefore been restricted to compounds with bonds between 
transition metal carbonyls and silicon, germanium, tin and 
lead. Carbon forms a variety of ligands as will be evident 
in the following sections and could be treated as a sepa- 
Pace GCopic, its relation to, the. present investigation is 
of indirect interest and therefore it will not be elaborated 
upon. For lead, the most metallic of the group IV elements, 
fewer complexes are known than for germanium and tin. Recent 
research employing silane ligands is rapidly advancing to 
fill the gaps in our knowledge. 

Most work in this field has been done with the car- 
bonyls of manganese and iron. The volume of work tapers 
off sharply beyond the chromium and cobalt groups. Generally, 
the carbonyls of the vanadium and nickel groups and their 


derivatives have low thermal stabilities. A substantial 





* Group IV shall hereafter refer to main group IV elements. 
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number of phosphine and cyclopentadienyl stabilized com- 


pounds of these elements are, however, known: (PhP) ,Pt (Ge 


25 154 31 
Ph3) 5 . mCH,Pd (PPh) SnCl, ; (PhP) ,Pt (C1) Sncl, ; 
: 40 84 ; 59 
(Ph,P),Pt(Sicl,), P (Ph,P) ,Pt (C1) GePh, : Cp,Ti(Cl1)GePh, F 
: 32 
Cp,4r (Cl) SiPh, : 


Of the elements of the first transition metal series, 
chromium, manganese, iron, and cobalt are most abundant. 
In the second and third transition metal series, molybdenum 
and tungsten are also readily available. Technetium is not 
readily available. The investigation of rhenium, ruthenium, 
osmium, rhodium and iridium has undoubtedly lagged because 


of their rarity and high price. 


Historical Development 

The earliest studies involving the synthesis of group 
IV-transition metal bonds were undertaken by Hein e¢ wee In 
1942 these workers reported (RPb) Fe (CO) , and [R,PbFe (CO) ,], 
(R = Ph or cyclohexyl) oe which were obtained in aqueous or 
methanol reactions of Ca[HFe (CO) J, and Ph.PbOH. Although 
the stoichiometries of these compounds were correctly 
assigned at that time, their structures and bonding remained 
obscure. In 1947, Hein and Heuser suggested structures for 
these compounds which were shown by the representations 


below 35, 
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The concept of covalent bonding in these complexes at that 
time was still a matter of uncertainty. In 1942 Heiber 

and Teller reported Sn[Co(CO) 4], < synthesized in a high 
pressure carbon monoxide reaction of a mixture of finely 
powdered cobalt metal, cobalt halide and tin metal. These 


authors suggested a structure involving bridging and termi- 


nalcarbon monoxides, 3, 


~ 


| (cl Ca 
ase eas erat 
cot sarimeom : “co CO 


Spectroscopically, this structure can be readily dis- 
proved and is no longer accepted.. Hieber and Breu in- 
vestigated the subject of tin-cobalt complexes further and 
in 1956 reported compounds which included Bu,SnCo (CO) 4g, 


TOS ST 10 
Bu,Sn[Co(CO) .], and MeSn[Co (CO) ,], ee ey ee BT 


Hein et al. reported Ph,PbCo(CO) , ig These compounds 
were obtained from reactions of Na* [Co (CO) 437 and the corre- 


sponding organotin or lead halides. Employing a similar 
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Synthetic method, Piper et al, prepared Me,SiFe (CO) ,Cp hone 


In 1960 King and Stone obtained [Bu,SnFe (CO) ,J, ce in 
reactions between Fe(CO), and Bu,Sn(CH=CH,). or K,” [Fe (CO) ,1° 
and Bu.Sncl.. 

A systematic approach for the synthesis of complete 
series of complexes, involving either a complete group of 
transition metals bonded to the same group IV ligand or 
consecutive group IV elements bonded to the same transition 
metal was not evident prior to 1960. From 1962 - 1964, 
group IV-transition metal bonding experienced the beginning 
Ore period Of Fapid growth. The scope’ of the field was 
recognized by several workers and considerable attention 
was given to the synthesis of group IV-transition metal 
derivatives and related compounds. The reports in 1962 by 
Gorsich, who synthesized and studied various manganese- 


pentacarbonyl derivatives of tin and lead such as 


BF Ph.,PbMn (CO) 
85 


Ph ,SnMn (CO) 


Me,Pb [Mn (CO) ,], 
194 


5! Me.Sn [Mn (CO) .J 5 and 


, in 1963 by Seyferth et al.- of 


Ph GeMn (CO) ; , and in 1964 by Nesmeyanov et al. who 


3 

expanded the series to the rhenium analogs such as 
Lao 

mn be Sd as : 

clearly demonstrated the potential of the field. The ease 


Ph.PbRe (CO) Ph,Sn [Re (CO) ,], and PhSn[Re (CO) 


with which transition metal carbonyl anions can displace 


halides from germanium, tin and lead played a large role 


in the rapid development of this field. The extensive 


series, Ph.MM' (CO) ,Cp, where M = Ge, Sn or Pb; M' = Cr, Mo 
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or W a from the work of Nesmeyanov e+ gz, are examples 


of products from anion reactions. 
The growth of this field to date may in part be attri- 
buted to the ready availability of starting materials such 
10° cr (co) 6! 
or [CpMo (CO) 3] 


as Fe (CO) ,, Fes (CO) gs Mn. (CO) 49, Re, (CO) 


* 
Mo (CO) W(CO) ¢, [CpFe (CO) Table* 2 -. 


6! 242 7 
lists a representative number of group IV-transition metal 
carbonyl derivatives and their appropriate references. 
Compounds with mixed substituents on the group IV ligand 
or substituted transition metal carbonyls such as ~Mn (CO) 7 
PPh, are not included in the list, but often can be found 


in references to related complexes. A more detailed list 


can be found in several reviews 1737156" 


r ; 
In this Table, and throughout this work, the following 


abbreviations will be employed: Me = CH, Et = CoHey 


Bu = n-C,H rn, = (ee Cp = mt bonded cyclopentadienyl 


aie piers 


group, acac = acetylacetonate, THF = tetrahydrofuran. 
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TABLE I 


Group IV-Transition Metal Carbonyl Compounds 





Ge 


Sn 


Pb 


Ge 


Sn 


Compound 
C1,5iCr (CO) Cp 


C1,SiHCr (CO) ,C 


3 Sat 


Ph GeCr (CO) ,Cp 


3 


[Ph,As] [C1,GeCr (C0) .] 


[Ph 3P) oN], [I,Gecr, (CO), 9] 


PhSnCr (CO) ,Cp 


[Ph, As] [C1,SnCr (CO) ,] 
[(Ph3P) \N],[I,Sncr, (CO), 9] 


PhPbCr (CO) ,Cp 


C1,SiMo(CO) ,Cp 


2 


Me SiMo (CO) 3Cp 


3 
[CpMo (CO) ,] [CpMo (CO) , (Sicl 


C1GeMo (CO) .Cp 


3 


Me ,GeMo (CO) ,Cp 


Et ,GeMo (CO) Cp 


3 


Ph ,GeMo (CO) Cp 


C13GeMoc1 (CO) ,bipy 
[Ph,As] [C1,GeMo(CO) ,] | 
[Ph,As].,[(C1,Ge) ,Mo(CO) g] 


fea 8 SnMo (CO) ,Cp 


3 


Me SnMo (CO) 3Cp 


3 
Ph3SnMo (CO) ,Cp 
C1,Sn[Mo(CO) ,Cp], 
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TABLE I (continued) 


Compound 
Me.Sn [Mo (CO) 3Cp] , 
Ph,Sn[Mo(CO) ,Cp], 
C1Sn [Mo (CO) Cp], 


C1,SnMoC1(CO) ;bipy 


I,SnMoI (CO) ,bipy 


[Ph ,As] [C1,SnMo (CO) -] 
Ph.,PbMo (CO) ,Cp 


Me SiW (CO) ,Cp 


2 


Cr GeW (CO) ,Cp 


2 


Et ,GeW (CO) 4Cp 


Ph,GeW (CO) ,Cp 
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C1,GeWC1 (CO) ,bipy 


[Ph ,As] [C1 ,GeW(CO) .] 
[(Ph,P) ,N],[1,GeW, (CO), 9] 


C1,SnW(CO) Cp 
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Me ,SnW (CO) ,Cp 


Ph SnW (CO) Cp 


& 
C1,Sn [W(CO) ,Cp] , 


Ph,Sn[W(CO) ,Cp], 
C1Sn[W(CO) ,Cp], 


Cc. SnWC1(CO) ,bipy 
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I SnWI (CO) ,bipy 


3 
[Ph ,As] [C1,SnW(CO) 5] 


[(Ph,P)N], [I1,SnW, (CO) 49] 
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TABLE I (continued) 


_ Compound ._ Ref. 
Ph.,PbW (CO) Cp 1567160,178,198 
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Ph,SiMn (CO), + 
[Ph,SiMn (CO) 4], + 
C1,SiHMn (CO) Cp + 
C1,GeMn (CO) , Logyi7l 
Br ,GeMn (CO) , 173 
Me ,GeMn (CO) - 42 
Ph,GeMn (CO) , 119 7029;,163,194,398 
H.Ge [Mn (CO) .], 55 
Cl.Ge [Mn (CO) -], LIL 
Ph.Ge [Mn (CO) .], 163 
Ph GeMnncoy715 163 
C1Ge [Mn (CO) -], LPL 
C1,SnMn (CO). 339632;,85, 129 
BrSnMn (CO), 63785 ,A29 
Me ,SnMn (CO) . | 33963 
Ph,SnMn (CO) . 63785;,119}164 
(C,F.) ,SnMn (CO) - 205 
C1,Sn[Mn(CO).], 85},L123 
Me,Sn [Mn (CO) .], 85 
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TABLE I (continued) 


. Compound 


512 


(Ce F.) ,Sn{Mn(CO),], 


[Ph,SnMn (CO), J, 


ClSn [Mn (CO) _-1, 


TSn[Mn (CO) ,J. 


MeSn[Mn(CO).], 


PhSn [Mn (CO) ,<], 
PbMn (CO) , 


Me. 


PhPbMn (CO) ¢ 


Me.Pb [Mn (CO) 1], 


Et,Pb [Mn (CO) .J, 


oi SiRe (CO). 


3 


Ph SiRe (CO), 


s 


Br 


3GeRe (CO) - 


Ph GeRe (CO) , 


3 


Ph.~Ge [Re (CO) 


2 sl2 


CAL SnRe (CO) , 


a 


Br SnRe (CO) , 


= 


Me SnRe (CO) , 


3 


Ph SnRe (CO) ~ 


3 
C1,Sn[Re (CO) <1], 
Br.Sn[Re (CO) ,], 


Me,Sn [Re (CO) ¢], 


Ref. 
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TABLE I (continued) 


Compound 


Ph,Sn[Re (CO) 5], 


C1Sn [Re (CO) -13 
BrSn[Re (CO) .], 
MeSn [Re (CO) .], 


Sn, [Re(CO) 5], 


Ph.PbRe (CO) . 


H,SiHFe (CO) 4 


(H,51) ,Fe (CO) 4 


CL SiHFe (CO) , 


S 
(C1,Si) ,Fe (CO) , 


Ph SiHFe (CO) 4 


z| 
[Et,N] [C1,SiFe (CO) 4] 


[Me ,N] [Ph,SiFe (CO) 4] 
[Cl,SiFe (CO) 4], 


a | SiFe (CO) Cp 


3 
(C1,Si) ,HFe (CO) Cp 


Me SiFe (CO) 5Cp 


e 


I,GeFel (CO) , 


(C1,Ge) Fe (CO) y 
(1,Ge) ,Fe (CO) , 


Ph GeFe, (CO) , 


2 
(Me,Ge) 3Fe. (CO) ¢ 
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TABLE I (continued) 





Compound Ret. . 
[Cl,GeFe (CO) ,], 142 
[Me,GeFe (CO) ,], 65 
Ge[Fe(CO) 4], | 65 


[Ph,As] [C1,GeFe (CO) 4] Lot 


200 


C1,GeFe (CO) 5Cp 167 

Et ,GeFe (CO) .Cp 83 

PhGeFe (CO) .Cp 194 

C1,Ge[Fe (CO) ,Cp], 79 

Me,Ge [Fe (CO) Cp], 79 

I,Ge[Fe (CO) Cp], 79 

H,Ge [Fe (CO) 5Cp], 79 

(C1,Sn) ,Fe (CO) y 142 

C1,SnFeC1 (CO) , 142 

(Me ,Sn) 4Fe (CO) 4 587,65 ,126 

[Et,Sn],Fe(CO) y 126 

(Ph,Sn) ,Fe (CO) y 52,58,97,98 

[Me,SnFe (CO) 4], 65,125,126 

[Bu,SnFe (CO) 4], S6 S27 O90 ¢LLI, 
lag, L30 

[Ph,SnFe (CO) 4], 65,98 

Sn[Fe(CO) 4], a Sapo BY BE oh) 

Sn, [Fe (CO) gl]. | bi 

Me ,Sn,[Fe(CO) 4]4 SG 5. OU pba. 
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TABLE I (continued) 


Compound 








Bu,Sn., [Fe (CO) 4] 


[Ph As] [C1,SnFe (CO) 4] 


C1,SnFe (CO) ,Cp 


Br,SnFe (CO) Cp 


I SnFe (CO) ,Cp 


s 


Me ,SnFe (CO) ,Cp 


Ph.,SnFe (CO) ,Cp 


Cl1,Sn [Fe (CO) ,Cp], 


I,Sn[Fe (CO) Cp], 


Me.Sn[Fe (CO) ,Cp], 


Sn [Fe (CO),Cp]l, 
(Et,Pb) ,Fe (CO) , 
(PhPb) »Fe (CO) , 
[Me,PbFe (CO) ,], 
[PhPbFe (CO) 4], 


Pb[Fe(CO) ,], 


Me ,Pb,[Fe(CO) 4], 


C1,SiRu(CO) Cp 


3 


[C1,SiRu(CO) 4], 


[Me ,SiRu(CO) 4], 


I,Ge [Ru(CO) ,Cp], 


(Me,Sn) ,Ru(CO) , 


(Ph,Sn) ,Ru(CO) y 


kas 


Ref. 





55 

191 
e227 73, 100 
2073 

73 

837187 
33,85,100,147 


247 ,22,24, 739 
100,147 


997.30 
Re 

165 
126 


94,95,98 


94, 96,97,28 
65 
65 
20 
56 
56 
20 
58 


58 
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TABLE I (continued) 


Compound 


[Ph,As ],[ (C1,5n) ,Ru (CO) ,Cl,] 


Me, ,Sn Ruy (CO) ¢ 


10. 4 


eat t SnRu (CO) ,Cp 


3 
Me,Sn[Ru(CO),Cpl, 


C1,Sn[Ru(CO) ,Cp], 


H3SiCo (CO) y 


F SiCo(CO) , 


3 


C1,S5iCo (CO), 


Me SiCo(CO) , 


3 


Ph,SiCo (CO) , 


C1,SiHCo(CO) Cp 


(C1,Si) ,Co(CO)Cp 


CH,CHSiCo,(CO) 9 


[Sico, (CO) 9], 


C1,GeCo (CO) , 


T,GeCo (CO) 4 


PhGeCo (CO) y 


C1,Ge [Co(CO) 4], 
I,Ge [Co(CO) 4], 
Me Ge [Co(CO) 4], 


C1,GeCoC1 (CO) Cp 


a 
I,GeCoI (CO) Cp 


(C1,Ge) .Co (CO) Cp 


(Br Ge) ,Co(CO) Cp 


Ref. 





135 

56 

20 

20 

20 

6,7,8,90 

90 
37,64,90,190 
12,150 


27764 427 


64,183 
64,185 
64,183 
168,183 
180 

183 

141 

141 

141 


141 
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TABLE I (continued) 


Compound 
C13SnCo (CO) 4 


35nCo (CO) y 


Me ,SnCo(CO) , 


Ph.SnCo (CO) , 


C1,Sn [Co (CO) 4], 
I,Sn[Co(CO) 4], 
Me.Sn[Co(CO) 4], 
Ph,Sn[Co(Co) ,], 
Bu,Sn [Co (Co) 4], 


acac,Sn[Co (Co) 4], 


acac.,SnCo, (CO) 4 


C1Sn[Co(CO) 4], 


FSn [Co (CO) 4} 3 


MeSn[Co(CO) 4], 


PhSn [Co (CO) 4] 


CH Co,Sn [Co (CO) 


3 


Sn [Co(CO) 4], 


BuSnCo, (CO), 


C1.SnCoec1 (co) Cp 


a 


I,SnCoI (CO) Cp 


(C1,Sn) ,Co(CO) Cp 
(I,Sn) Co (CO) Cp 


Sel 5 Bd S$ 


3 9PbCO (CO) y 


Me 


14. 


Ref. 





64,185 
64,185 


LPPLS,28;33,64, 
183 


Pfel§.26 64,99, 
183 


2437, 23, 24,180 
2,23,180 
108,183 
23,98,183 
108 

185 
182,184 
166,181 
185 
179,181 
181 

185 

185 

116 

141 

141 

141 

141 

145 
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Compound prepared for the first time in this work. 


TABLE I (continued) 





Moy Compound Sone So ge 

Pb EtPbCo (CO) , 64,127 
Ph.,PbCo (CO) , 64,92,97 
Ph,Pb [Co (CO) 4], | 98 

o7 C1,SiHRh (CO) C1(PPh3), 93 

Sn Me ,SnRh (CO) . (PPh3) 5 46,47 
[Et ,N],[C1,SnRh (CO) C1,] 137 
[Et ,N],[(C1,Sn) ,Rh(CO)C1}] 137,218 
[Et,N].,[(C1,Sn) ,Rh (CO) J i137 

Si C1,SiHIrC1 (CO) (PPh), 36 
Me ,SiHIrC1(CO) (PPh3) 5 ae Gig Oe 

Sn C1,SnIrCl, (CO) (PPh 3) 5 202 
C1,SnIrH, (CO) (PPh3) 5 202 
[Me ,N] [C1,Snir(CO)C1.] 202 
Me ,SnIr (CO) ,PPh, 46,47 
Me.Sn [Ir (CO) ,PPh,], 46,47 

Si C1,SiNi(CO)Cp + 
[Me ,N] [Ph,SiNi (CO) 3] 143 

Ge Et,GeNi (CO) Cp 83 

Sn C1,Sn [Ni (CO) Cp], 180 

Mn = Transition metal, My = Group IV element 
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Summary of Transition Metal Carbonyl Complexes 


Most transition metal elements form carbonyl com- 
plexes\ >) These jare\ the,main Source’ in group'IV—-transition 
metal bonding and specifically the present study. Table 
II lists some of the most useful binary transition metal 


carbonyls from the synthetic standpoint. 


TABLE II 
Binary Transition Metal Carbonyls 


Cr (CO) ¢ Mn, (CO) 45 Fe (CO). Fe, (CO) ,5 Co, (CO) , Ni(CO) y 
Mo (CO) ¢ Te. (CO) 45 Ru (CO) Ru, (CO), > 


W(CO) ¢ Re, (CO) 19 Os (CO) . Os (CO), > 


A variety of modifications of these complexes can 
be accomplished by replacing one or more carbon monoxides 
with other ligands donating an equal number of electrons 


to the transition metal atom,according to the Effective 


/ 
Atomic Number rule, which is briefly described in a later 
section. If the cyclopentadienyl radical, a five electron 
donor ligand when tT bonded, is employed, another inter- 


esting and relatively air stable series of mixed tm cyclo- 


pentadienyl-carbonyl complexes is obtained. 


ee 
4 is Ns <t : of ; 
i. 





Lil. 


TABLE IIL 


‘ 


Cyclopentadienyl Transition Metal Carbonyls 


Cpv(Co), [CpCr(CO),], CpMn(Co), [CpFe(CO),], CpCo(co) , 


a aso 
CpNb (CO) , [CpMo (CO) 3], CpTe (CO) , [CpRu (CO) 5], CpRh (CO) , 


CpTa(CO) , [CpW(CO) ], CpRe (CO) , [CpOs (CO) 5], CpIr (CO) , 


- Several reviews summarize the synthetic methods and prop- 
erties of the complexes 07. Other elaborate 
mixed carbonyl series can be synthesized in which amines, 
phosphines or arsines replace one or more carbon monoxides. 
The change of ligands is often employed to modify physical 
or chemical properties,in order to make experimental work 
more feasible or allow spectroscopic studies. Iron penta- 
carbonyl is a yellow toxic liquid with a relatively high 
vapour pressure. The triphenylphosphine derivative, 
Ph.PFe (CO) 4, is a nonvolatile crystalline solid which is 
insensitive to air and thermally more stable than Fe (CO)... 


26 L09 


Similarly, Mn. (CO) , (PPh and Co, (CO) ¢ (PPh3)5 are 


aha 
more resistant to oxidation than the parent carbonyl ana- 
logs. The series M(CO) ¢, where M = Cr, Mo or W, is very 
Stable thermally and quite unreactive in numerous reactions. 
However, if one or more carbon monoxides are replaced by 
other ligands, then the new species are generally more 


susceptible to oxidation and also more reactive to other 


reagents. For example mC He Cr (CO) 3 and C1,SiH yield 
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6 pee, while bipyMo (CO) , and Cl,Sn yield 


3 6 
bipyMo (CO) ,C1(SnC1,) mea The parent carbonyls, Cr (CO) ¢ 


rie & SiHCr (CO) 41C H 


or Mo (CO) ¢ are unreactive in these reactions. 


Synthetic Methods 

The development of group IV-transition metal bonding 
paralleled the discovery and recognition of several general 
synthetic methods. These can be divided into the following 
classes: displacement by metal carbonyl anions, insertion 
of Ge(II) or Sn(II) halides, elimination of a neutral mole- 


cule, oxidative elimination and oxidative addition reactions. 


A is Displacement by Metal Carbonyl Anions 

By far the most versatile and widely studied syn- 
thetic method for the preparation of group IV-transition 
metal bonds involved the reaction of alkali salts, gener- 
ally the sodium salts, of transition metal carbonyls and 
group IV halides or organohalides. This method has been em- 
ployed successfully for germanium, tin and lead derivatives 
and in some cases silyl derivatives of transition metal 
carbonyls. 

The metal naronel anions can be generated in 


several ways: 


Mn, (CO) 49 perires He Na" [¥in (CO) <37 C43)" ? [E21] 
Na/H H = 

Fe (CO) 1, nce aac Nay [Fe(co) ,}™ (131) [1.2] 

Mo (CO) ¢ eee te Na Mo (G0} 3cP] 


(78,186) [1.3] 
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Pa 
a 


ah 5S 


MeOH 


Co, (CO) » [Co (MeOH) ip rele yeah ea Be (107) [1.4] 


6 
A more detailed summary of these can be found in a review 
by Wender and Pino haat 

Employing the. appropriate ratio of metal carbonyl 
anion with the group IV halide, this method enables the 
replacement of one to four halide ions. In successive 
reaction steps, compounds containing chains of three, four 


or even five different metal atoms can be synthesized. 


Examples of these reactions are illustrated below: 


Ph,SnCl + Mn (CO) ,~ > Ph,SnMn(CO), + cay ty Bh 
Me,Sicl + Fe(CO) Cp 2 MeL Sire (tO). Cp + cis (18778 [Trio 
Ph,GeBr + W(CO) ,Cp * Ph,GeW(CO)',Cp + Bro 27a) Tie 7) 
HSiI + Co(CO) * H,SiCo(CO), + ite) fous ss Le Loeas 
Ph,PbCl + Cr (CO) ,Cp- * PhjPbCr(CO) Cp + ei (hye to) 
Me,SnCl., + Mn (CO), * Me,ClSnMn (CO), + Cl rate lee tud 
Ph,PbCl, + 2e6{coy ,* eePners(eeteo) lst 2cl;” “ 198) [PoLL] 
MeSnCl, + 3Co (CO) * MeSn[Co(CO) 4], + Sons 

ae ee ech em fence 
Sncl, + 4Fe (CO) Cp” mi Sn[Fe(CO),Cp], + 4Cl- C165). Rebels) 
Me,SnCl, + 2Re (CO). * Me,Sn[Re(CO),], + Zeb Clay ot beeen 
2Ph,SnCl, + 2Fe(CO), * [Ph ,SnFe(Co),], + 4cl~ (98) [1.15] 


(OC) .MnSnMe,Cl + Mo(CO) Cp > (OC) ,MnSnMe,Mo(CO),Cp + che 


Grek a eae Ee 


2 


[Cp(OC),Fe],SnCl, + 2Mo (CO) 3Cp- > [Cp(OC) ,Fe],Sn[Mo(CO) Cp], 
(69) [I.17] 


[Cp(0C),Fe],Sncl, + Re (CO) * [Cp(OC),Fe],SnClRe (CO), + Cre 
(165) ([L228) 
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oS Insertion of Germanium(II) and Tin(II) Halides 


The first insertion reaction involved mercury and 
CpFe (CO) ,Co(CO) , in the synthesis of CpFe (CO) ,HgCo (CO) , ie 
Similarly the halides of germanium(II) and tin(II) are 
known to insert into the metal-metal bonds of dimeric tran- 
Sition metal carbonyls or transition metal halides. Con- 


ditions for these reactions vary from room temperature to 


200°C and a solvent may or may not be employed: 


[CpNi (CO) ]. + Sncl, > C1,Sn[Ni(CO)Cp], (Tea LeeLE. Lal 
[CpFe (CO) 51, + SnBr. o> BrSn[Fe (CO) .Cp]., LESeGy Ea 2 
ClFe(CO),Cp + SnCl, > C1,SnFe (CO) ,Cp eg ee 
IFe(CO),Cp + SnCl, + IC1,SnFe(CO) {Cp EG Pe aa ee 
[CpFe (CO) 5], a GeCl., > C1.,Ge[Fe(CO) ,Cp], a ee ee is come Oe 
Mn. (CO) 49 + Sncl., a c1,Sn[Mn (CO) -J, Chish,. bi.24. 


Co, (CO) , +. Sn 1 (180) Dik ao 


2 3 
Coy yet + SnI, + {1,8n [Cr (CO) .1,}7* (190) [1.26] 
IW. (CO) 15177 + Gel, > {1,Ge[W(Co) .1,}7° 


rs I,Sn[Co(CO) 4] 


x (L527) >) 1i.27) 


In the reactions with transition metal carbonyl . 


halides, C1,GeH is believed to be a source of GeCl. and 


a 


hydrogen chloride, and therefore, these reactions are 


included in the section by some authors: 


C1Mn (CO). +/Ci4GeH > Cl GeMn (CO) , (1699¢ [ches] 


3 3 
ClFe(CO) Cp + Cl,GeH + C1,GeFe (CO) ,Cp (167)ch (Gk29] 
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a Elimination of a Neutral Molecule 
A variety of molecular fragments are preferentially 


eliminated in the formation of group IV-transition metal 


bonds: 

Co, (CO) , + 2C13S5iH > H. + 2C13,S5iCo(CO) , (377241. 30] 
Mny (CO) 49 + 2C1,6iH > He + 2PhS5iMn (CO) , 6 Ree haa 
Fe,(CO) 45 + 6C1,SiH > 3H. + 3(C13Si) ,Fe (CO) , MURS T 8 8 POE Be ee Bee 


2Ru3 (CO) 15 + 6Me.SiH “ SH, ts 3 [Me ,SiRu(CO) J, Goh Dee agers 


2HMn (CO) , + GeH, > H, + H5Ge [Mn (CO) .], hh eee ry 
Fe,(CO),5 + Ph.GeH, > xH. + Ph.GeFe, (CO) , ey eee Le 
HW(CO) 3Cp + Me 5nNMe, + HNMe., - Me ,SnW (CO) ,Cp P2L Ld eG) 
HMo (CO) ,Cp + Me ,SiNMe, + HNMe, + Me,SiMo(CO) ,Cp (32) Be ae 
C1HgFe (CO) Cp + Snel, yg + C13SnFe (CO) ,Cp LOEB OO Be ais foal 
Hg [Fe (CO) .Cp]., + Sncl. >+-Hg + C1.,Sn [Fe (CO) ,Cp], (24) ii,39] 
C1Mn (CO); + C1,GeH + HEL + C1,GeMn (CO) , (169) [1.40] 


ClFe(CO).Cp + Cl,GeH + HCl + Cl,GeFe(CO),Cp (167) [1.41] 
2 2 


3 3 


The last two reactions have been classified under insertion 
reactions. As these classifications are somewhat arbitrary, 
one cannot, with justification, exclude them from this 


section. 


4. Oxidative Elimination and Oxidative Addition Reactions. 
Essentially both types of reactions are similar, in 

that the coordination number and oxidation state of the 

transition metal are increased. With molecules which obey 


the "Effective Atomic Number" (E.A.N.), a two electron donor 
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ligand (i.e. CO, PPh., NCH. etc.) is eliminated prior to 
the addition of the new ligands. Electronically unsaturated 
molecules (generally limited to the second and third tran- 
Sition metal series) may add one electron donor ligands in 
order to satisfy the E.A.N. rule. Examples of both types 


are given below: 


bipyW(CO) , + Sncl, > C1,SnW(CO) ,Clbipy + CO (140) [1.42] 
bipyW (CO) , + 2Sncl, > (C135n) ,W(CO) ,bipy + CO (140) [I.43] 
Fe (CO) . Ss C1.SiH > C1,SiHFe (CO) 4 +0 (20) (120) [1.44] 
Fe (CO) ; + 2C1,SiH > (C1,S1i) ,Fe(CO) , + CO (921) [451 


C1,SiFe(CO) cp + C1,SiH + (C13Si) ,HFe(CO)Cp + CO(121) [1.46] 


3 3 


(Ph,P) .Rh(CO)C1 t Cinoin > Cl_SiHBh (CO) C1l(PPh (93) {i 247] 


2 st 3) 2 


(PhP) ,Ir(Cco)Cl toe bee Le Sani (CO}CT(PPh 


3 3 (36) [2.48] 


3)2 
General Discussion 

The transition metals in most carbonyl complexes are 
stabilized in a low oxidation state by ligands such as car- 
bon monoxide, tertiary phosphines, tertiary arsines and a 
variety of cyclic olefins. In addition to the o bond, these 
ligands have empty orbitals which are capable of 1 type over- 
lap with the transition metal d orbitals. If the symmetry of 
the orbitals is favourable, a 7 type of interaction may occur 
between the filled d orbitals of the transition metal and the 
vacant p orbitals of carbon monoxide and cyclopentadiene or 


the vacant d orbitals of phosphines and arsines. Excess 
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electrons donated to the electropositive transition metal 
by the ligands are partly drained back onto the ligand by 
the mt system, such that the complex may attain a favour- 


able electronic configuration. This synergic process is 


OBD_ ee 
OO" SD 


TF 


shown below: 


The ability of the antibonding tm orbital of carbon monoxide 
to accept electrons, makes the carbon monoxide stretching 
vibration in the infrared spectrum very sensitive to the 
electron density on the molecule. For example, the car- 
bonyl stretching values of the isoelectronic ace hice Ni (CO) 4, 
Co(CO) ,~ and Fe(CO) ,= are 2037 cm", 1883 cm™* and 1788 cm ~ 
respectively. Electronegative ligands, having a tendency 
to withdraw electrons, also shift carbon monoxide stretch- 
ing frequencies to higher values. A more detailed dis- 
cussion is given by Cotton and Wilkinson oe 

Almost ail transition metal sega Seah ee obey the Effec- 
tive Atomic Number (E.A.N.) rule occasionally referred to 
as the "inert gas rule" “ This rule requires that the 
number of valence electrons of the transition metal atom 
plus the number of lone pair electrons donated by the 


ligands equals the electronic configuration of the succeed- 


ing inert gas, which implies that the d orbitals of the 
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transition metal are completely filled. With this arrange- 
ment several properties are predictable; the compounds must 
be diamagneticas there are no unpaired electrons, and the 
stoichiometries of these compounds must be such as to allow 
the transition metal to attain a filled d shell. 

To test whether or not a molecule obeys the E.A.N. 
Pie le seecrrone in the valence, shell:are,added. If the 
transition metal atom is arbitrarily assigned an oxidation 
state of zero, then the required number of electrons donated 
by the ligands are obtained by subtracting from the atomic 
number of the succeeding inert gas the atomic number of the 
transition metal. 

The most common ligands; carbon monoxide, tertiary 
phosphines and arsines, each donate two electrons. Terminal 
halogens and group IV ligands, each contribute one electron. 
Conjugated olefins such as benzene or cycloheptatriene 
donate two electrons per double bond, while a 7 bonded 
cyclopentadiene supplies five electrons. A bridging halogen 
supplies three electrons to a system of two transition 
metals, whereas a bridging group IV ligand donates one 
electron to each transition metal atom. 

For example, applying the E.A.N. rule to PhSnMo (CO) Cp 
hen Soltis the molybdenum atom requires 12 electrons from the 
ligands. If five are supplied by the 7 bonded cyclopenta- 


diene, two from each carbon monoxide and one from triphenyl- 
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£a0, then a total of 12 electrons are donated by the ligands. 
For (Me,Ge) ,Fe, (CO) ¢1°°, each iron atom requires ten 
electrons from the ligand to attain the inert gas electronic 
configuration. If the carbon monoxides donate six electrons 
and the bridging germanes supply three electrons to each 
iron atom, then it gains nine of the ten required electrons. 
For the molecule to obey the E.A.N. rule a metal-metal bond 
between the iron atoms is postulated which is also consist- 
ent with its diamagnetic property. A short internuclear 
distance of 2.74 A between the iron atoms is evidence for 


26 


a metal-metal bond 


The structures for both (Me,Ge) ,Fe, (CO) = 


6 a 
Fe, (CO), oe 6, have been determined by X-ray crystal- 


5 and 


lography: 
ae ros . 2 ae 
5EN, ae a 0 So ie mace 
oc Sra Mee SEat 7, le 
Men Meo OPTS 
5 6 


—~ geo 
Note the iron-iron distance in Fe, (CO), is 2.46 A, consider- 
ably shorter than in (Me,Ge) ,Fe, (CO) ¢, which is 2.76 A. 

Both values are, however, within known bonding distances. 14? 
The difference appears to be related to the difference in 


the iron-germanium and iron-carbon distances of the 


° ° 
bridging system, which are 2.40 A and 1.77 A respectively. 
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Other related molecules, for which the structures have 


been determined by X-ray crystallography, are Me ,Sn,Fe, (CO) 4¢ 


200 149 
and SnFe, (CO) 4¢ : 





(CO, (CO) 
M e M 
ew peices ake 
Me torres “a SMe 
(com (co), 
ve 
Ree ey 
(Gyre Fee) 
8 


If electrons are summed in Me ,Sn,Fe,(CO)j¢, da no 
metal-metal bond between iron atoms is required. This is 
consistent with the observed X-ray data. The shortest 
iron-iron distance in this molecule is 4.18 re which is 
too large for any significant bonding. On the other hand, 
SnFe,(CO),¢, 8, requires bonding between two pairs of 
iron atoms. The two types of iron-iron distances are 
2aar A and 4.69 A, which are clearly bonding and non- 


bonding. 
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Metal-metal bonds as are encountered in Fe, (CO) g 189 


£99 
are a common occurrence and are presently 


or Co, (CO) g 
generally accepted. It must be remembered, however, that 
prior to the pioneering work in X-ray crystallography in 
1957 by Rundle and Dahl who determined the structure of 

Mn (CO) 49 Bu and Wilson and Shoemaker who solved the 
structure of [CpMo (CO) 3], aoa) it was not clear whether the 
short metal-metal distance and the diamagnetic character 


of the molecules were due to metal-metal bonds or electron 


pairing through the bridging ligands. 
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CO \ l / \ / 
Cran yee p Rome Ws 
OG Neer, 
Pe: a 


Both, Mn, (CO) 44 and [CpMo (CO) 3], possess no bridging 
ligands and the two symmetric halves are held together only 


by metal-metal bonds. 
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CHAPTER II 


The Synthesis of Manganesepentacarbonyl Derivatives of 


Silicon, Germanium, Tin and Lead 


Introduction 


Some of the first bimetallic compounds containing 
covalent bonds lketween manganese and the group IV metals 
were reported in 1962 by Gorsich, who prepared a series 
of manganesepentacarbonyl derivatives in which the tin 
or lead ligand was directly bonded to manganese. The 


general formula of these complexes is R M[Mn (CO) 


st gy 
where R = Me, Et, Ph, or halogen; M = Sn or Pb; n= 1 or 


Z ee The series was extended by Seyferth et al. to 


194 
3 5 


of the most versatile preparative methods for the syn- 


4-n 


include Ph.GeMn (CO) This early work utilizes one 


thesis of transition metal-group IV bonds, which have 


been described in Chapter I: 


+ = .. 
Ph poncl, + nNa [Mn (CO) -] ~ ih non [Mn (CO) <1 + nNacl, [rtd 


4- A 


With organosilyl chlorides a large change in chemical 
behavior is observed and the versatile reaction method 
for the preparation of derivatives of germanium, tin and 
lead rarely yields the anticipated silyl eee ae See 
Aylett and Campbell obtained H,SiMn (CO); from H,Sil and 


7,8 


NaMn (CO) ,, one of the rare instances in which a 


Ae | - 
rus a ne eqns Le 


ae. 





A 


Silicon-transition metal bond has been prepared by the 


anion method. The related complex, Ph. 


form by this reaction route but as shown in the present 


SiMn (CO); does not 


work, is obtained from a thermal reaction between Ph,SiH 
and Mn. (CO), 9: 
Treatment of phenylgermanium or phenyltin manganese- 


pentacarbonyls with hydrogen chloride, chlorine or bromine 


in carbon tetrachloride yields the halogen analogs. The 
less soluble halides generally precipitate from solution: 1°? 
Ph,GeMn (CO) . + 3Br, > Bescele (CO). on BrC¢H, PLL. 2] 


The mixed organohalides such as Ph C1SnMn (CO), or 


2 


PhC1.SnMn (CO) can be prepared by refluxing mixtures of 


the proper stoichiometries of the pure organo and pure 
halogeno derivatives. Redistribution on the group IV metal 


occurs in the following manner ce 


2Ph SnMn (CO) . + Cl 


3 SnMn (CO) . > 3Ph 


3 C1SnMn (CO) , hires | 


re 
Although in some later studies mixed organohalogen tin 
or germanium derivatives have been prepared directly from 
the group IV organohalides and the appropriate stoichio- 
metric quantity of manganesepentacarbonyl anion Bahl Ted, Lo3. 
this method is not often employed for the preparation of 


such compounds. The redistribution method or partial 


replacement of phenyl groups at critically controlled 
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conditions of temperature, solvent type and the quantity 
of halogen reagent is favored yond poll 

The number and complexity of molecules with metal- 
metal bonds increased rapidly and it. appeared at that 
stage that any reasonable molecular system could be 
assembled by a proper sequence of reaction steps. Numerous 
interesting results have been reported. For example, 
Nesmeyanov et al. synthesized C1Ge [Mn (CO) .] 3 i ina 


Peactron of Cl GeMn (CO) , and two moles of NaMn(CO)., and 


165 


3 


(CO) -MnSnC1 [Fe (CO) ,Cp], from Cl1Sn[Fe (CO) Cpl, and 


NaMn (CO)... The reaction of ClPh SnRe (CO) ; and NaMn (CO) - 


2 
me and similarly C1Ph 


ae 205 
and CoFoLi yields C¢F5Ph,SnMn (CO). ‘ 


In reactions such as these, unexpected results are 


yields (CO) -MnSnPh.Re (CO) . SnMn (CO) ; 


2 


occasionally encountered. For example two moles of 


Br AEE SS and four moles of NaMn (CO) , yields 


171 
ato 


2 
{PhGe [Mn (CO) . the reaction of Cl5n [Mn (CO) 


166 


513 
, while [Ph.,SnMn (CO) 


5] 
and NaMn (CO) , yields Sno [Mn (CO) .]¢ 
200 


52 


is obtained from C1Ph SnMn (CO) . and C.F bi. 


2 6-5 
Most compounds studied in this chapter have been syn- 


thesized and reported by other workers pees 


However, 
prior to this work little or no systematic approach to 
study these compounds seemed evident. A study of the 
trend in chemical and physical properties of the series of 


complexes in which the group IV ligand is consecutively 


changed from silicon to lead appeared valuable. The series, 








* 
i 
- 2 on ey 
p i iw 
4 ¥ » 
y i] < pene 
i e. 
» tte 
-* 4 
bes 
{ 
3 ray. 
4 
«* " 
' s = 
V | 
. A 
e ‘ a 
d m4 YOrs 
™ ~ 
i r tt 
; 5 « re 
‘ 
7 f ' 4 | 
5 ne ‘ 
= — x 
, -_, 
t i a 1% ~ 
- ¥ t 
’ Fi t ” ‘ 
j 
; P 
‘ 
x 4 f | 
( 7 
i 4 <y 
= « ot a 
Pevarci y = % foes “i 
" ‘ 
rae ~, 
& 
; , HOP) ) a Mi pang, 
< “~s 
= par ee Cg 
* « wae 


PD o? Gc eee ars 







aL. 


Ph 3MMn (CO) . (M = Si, Ge, Sn, Pb) appeared complete 85,194 


but one of the members, Ph,SiMn (CO) , was described as 


extremely unstable in sie, 25 The authentic complex 


Ph.SiMn (CO) however, was synthesized in the present work 


= aes 
by an alternative route and shows a remarkable stability in 
air at room temperature ean The nature of the extremely 


unstable silicon complex remains unexplained. 

The manganesepentacarbonyl derivatives are highly 
symmetric and therefore of interest for force constant 
studies 3? which have been undertaken by R. S. Gay in this 
laboratory. The accurate and detailed infrared data of 
the carbonyl stretching region,which are required for the 
studies, were in most cases not available. The study of 
this section: was undertaken to obtain consistent infrared 
spectra of high quality and to compare the chemical and 


physical properties of the complexes within this series. 
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RESULTS AND DISCUSSION 


it Synthesis 

The simplest and most direct route for the preparation 
of Ph3MMn (CO); (M = Ge, Sn, Pb) involves reaction of the 
sodium salt of manganesepentacarbonyl with the corres- 


ponding triphenyl-group IV halide. The reduction of 


Mny (CO) 4 by sodium amalgam yields the anion, Mn (CO) 5 a 
13 Na/Hg + - 
Mn, (CO) 46 a 2Na [Mn (CO) .] [riya] 


The desired triphenyl-group IV halide is introduced slowly 
under a nitrogen atmosphere. In these reactions equimolar 


quantities of anion and group IV halides are employed see 


Ph.Sncl + [Mn (CO) .] _ > Ph 


3 SnMn (CO), + Cl @niri. Sl 


3 
In the formation of the metal-metal bond, a halide 

ion is eliminated and the reaction mixture generally 

results in a solution of unattractive appearance. This 

can be filtered and the product precipitated with the 

addition of water to the filtrate. It is, however, more 

convenient to draw off the THF at reduced pressure, extract 

the residue with hot hexane and cool the filtrate ina 

refrigerator. The latter Speco generally results in 

a pure,coarse,crystalline product from the first crystal- 


lization. 
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The substitution of one carbon monoxide with triphenyl- 


phosphine on PhSnMn (CO) , yields trans Ph,SnMn (CO) ,PPh , Bae 
For the preparation of this complex, two convenient syn- 
thetic routes can be followed. These are represented in 
the following scheme: 
PPh, 
Mn (CO) 44 > Mn (CO) g(PPh,) 5 agers i @, 
1. Na/Hg Le. Nasig 
ae Ph,sncl be Ph3Sncl 
iri. 5] 
PPh, 
Ce ee’ 
Ph ,SnMn (CO) ~ Ph.SnMn (CO) , PPh, sina = 


heat or UV 


Either route poses no experimental problems and 
results in the same Se a hea isomer. Irradiation of 
Mn, (CO) 59 in the presence of excess PPh, in hexane solution 
yields approximately 70% Mn. (CO) 9 (PPh). based on the 
initial amount Mn. (CO), 9 used. The phosphine adduct has 
a large molecular weight and precipitates. At this 
stage the orange microcrystalline material is 
sufficiently pure for further use. Reduction of 


Mn. (CO) , (PPh by sodium analgam in THF yields the salt, 


3) 2 
Na” [Mn (CO) ,PPh,]". The subsequent reaction step is 


analogous to that with Na‘ [Mn (CO) .]-. The final product 


Ph SnMn (CO) ,PPh is sparingly soluble in hexane. For 


3 of 
the recrystallization, mixtures of dichloromethane-hexane 


were employed. 
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The alternative route, reaction-of triphenylphosphine 
with Ph3SnMn (CO) ., is perhaps somewhat more direct and 
more convenient. Substitution of carbon monoxide can be 
effected either thermally or by ultraviolet irradiation 
as has been pointed out by Gorsich oe and was found in 
the present work. The reaction with the least side pro- 
ducts and probably that of highest yield involves heating 


a mixture of Ph SnMn (CO) ; in excess triphenylphosphine in 


3 
a Carius (tube at 180°C. Yields of Ph,SnMn (CO) ,PPh, are 
almost quantitative based on Ph.SnMn (CO) ,. 


In principle, the reaction of equimolar quantities of 


Na [Mn (CO) .] 7 and SnCl, or SnBr, should yield X,SnMn (CO) 


3 


(X = Cl, Br). This route, however, is rarely employed. 


5 


The cleavage of phenyl groups by chlorine or bromine 

eesuits in the chloro or bromo analogs in high yields. 

For example, a carbon tetrachloride solution of Ph.SnMn (CO) , 
in the presence of chiorine or bromine precipitates the 
trichloro or tribromo analogs virtually quantitatively in 


a pure Stdte pee 


Ph,SnMn (CO), +3X,% X,SnMn (CO), + 3XPh itr: 7] 


3 2 z 


These halogen derivatives are far more moisture sensitive 
than the phenyl analogs and decompose below their 

melting point. For infrared spectroscopic purposes, satu- 
rated hexane solutions yield carbonyl bands of intermediate 


intensity. 
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Prior to this work, the existence and stability of a 
covalent silicon-manganese bond was a matter of uncertainty. 
So ah + - 
The reaction of Na[Mn (CO) , ] and Ph,Sicl produces a scarlet 


crystalline material which decomposes rapidly to Mn. (CO), 9, 
85 


Ph, Si, and Ph.,Si0H - With this evidence at hand it was 


assumed by Gorsich that the scarlet material was Ph.,SiMn (CO) 


s 


It is further interesting to note, that the reaction of 


5° 


SiH, and HMn (CO) . produces a colored material from which 


no compound containing silicon-manganese bonds could be 


isolated 155% 


Silicon-transition metal bonding was relatively unex- 


plored prior to 1966, when the only well established silyl 


ate 2 


transition metal carbonyl derivatives, Me SiFe (CO) Cp 


3 
and R,51Co (CO) , (8 = CL, organic group) 37 sppeared to 
demonstrate their stability. Although the former was 
prepared by utilizing the anion method, the latter was 


synthesized from R,SiH and Co, (CO) g. Chalk and Harrod 


3 
suggest the following reaction steps ue 
2R,S1H ob Co, (CO) » > HCo(CO) , t R,SiCo(CO) 4 bites 
R,SiH + HCo (CO) 4 eH at R,SiCo(CO) , [IL. 8a] 
or 2HCo (CO) , iB o£ Co, (CO) 5 [IL. 8b] 


It appeared that of the group IV elements, silicon 
should not be chemically unique and that silicon manganese 
complexes should have properties similar to those of the 
manganese analogs of germanium, tin and lead. The 


present study showed that the synthetic method used for 
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the silyl-cobalt complexes could be generalized, and 


employed Ph.,SiH and M, (CO) where M = Mn or Re, at 


2 1.0" 


elevated temperatures to prepare Ph 


354M (CO) .: 


2Ph.610 + M, (CO) 49 + 2PH iO BA go 


3 SiM(CO) , +H 


3 2 
These reactions are carried out in thick-walled Pyrex 
tubes at approximately 150°C. A solvent may be employed 
but it is not essential since both reactants are in the 
liquid state at the reaction temperature. At this temper- 
ature, the hydrides HM (CO) 5 which may be intermediates 
would not be expected to survive in these reactions and 
have not been isolated. The infrared spectra and physical 
properties are very similar to those of the germanium and 
tin analogs. They possess exceptional stability in air at 


room temperature. A more detailed study of silicon-transi- 


tion metal bonding follows in the next chapter. 


os Infrared Spectra 

The infrared data of most early publications, prior to 
1963, for carbonyl stretching bands are unsuited for accu- 
rate force constant calculations. This can be attributed 
to two main reasons. Firstly, the use of chloroform and 
other similar polar solvents for the infrared medium, which 
were very popular because of their excellent solvent prop- 
erties, increased the band widths to an extent which made high 


resolution impossible. - Band widths of 10 to 20 wave-— 
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numbers are quite common in chloroform. Under such con- 
ditions, weaker bands less than 10 wave numbers from some 
major band will not be properly resolved and may at best 
appear as shoulders. More recently, it had been recognized 
that hydrocarbons such as cyclohexane, hexane, heptane or 

any similar paraffins give far superior infrared spectra 

in the carbonyl region, providing the compound is sufficiently 


sa jel In these solvents band widths for the carbon- 


soluble 
yl stretching vibrations are réduced to a fraction of those 
observed in chloroform. The extinction coefficients for 

carbonyl stretching modes are extremely large and therefore 


Peed ela 


very dilute solutions, of the order of 10° 
give excellent spectra. The low solubility is partly com- 
pensated by the large extinction coefficients. 

Secondly, the resolution of grating instruments, which 
are more commonly used today, is far superior to the prism 
spectrometers that were more popular a decade ago. In 
general the advanced technology of infrared spectrometers 
has assisted in the tabulation of extremely accurate 
infrared data on carbonyl stretching frequencies. 

The symmetry of Ph ,MMn (CO) is taken as Cay in the 
force constant determination. This also applies to the 
rheniumpentacarbonyl series. In these approximate calcu- 


lations*, the Ph,M ligand, which has a threefold axis 


3 





* Calculations were carried out by R.S. Gay, using the 


method of Cotton and Kraihanzel ol. 
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about the M-Mn bond, is treated as a point group since it 
does not appear to affect the pattern of the carbon monoxide 
stretching frequencies of the Mn (CO) ; entity. Applying 
group theory, it is possible to predict the number of 

mje 


infrared and Raman active carbonyl vibrations . Symmetry 


coordinates are shown schematically below: 


ae? 


ps | 
Ay Ay B E 
11 
ai 
For Cay symmetry, three infrared active carbonyl 


stretching bands are expected, two A, and a doubly degener- 
ate E mode. These are also Raman active, while the B mode 

is only Raman active — The E mode is the most intense 
band in the spectrum. Of the two Ay modes, the ae 28..0f£ 
highest energy, corresponding to the symmetric stretch of 

the four carbon monoxides in the equatorial plane. The AG 
mode may appear above or below the E mode or may be acciden- 
tally degenerate with it. Examples of all three possibilities 
may be observed in Fig. 13-16 and 20-23, the infrared 
spectra for Me4_,C1,SiM(CO) . GM 2e5)in he). in Fig. 14,15, 


21,22 it may be noted that the Raman active B mode is 


observable in the infrared, and is most intense for the 


a 
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less symmetric molecules in which there are mixed substit- 


uents on the silicon atom; e.g. Me,C1SiMn (CO) MeC1l SiMn(CO)., 


ie 2 
etc. The reduced symmetry, however, is not sufficient to 
cause splitting of the E mode as has been observed in the 
spectra of some fluorocarbon analogs sie The trimethyl 

and trichlorosilyl derivatives approach closest to cylindri- 
cal symmetry, which may partly account for the extremely 
weak B mode. 

In the force constant calculations by the Cotton- 
Kraihanzel (CK) method Jar the use of the three infrared 
active bands allows the prediction of the value for the B 
mode. This internal consistency was thought to provide a 
check on the proper assignment of the modes. 


As has been pointed out by Graham oe 


, there are impor- 
tant implications in the relative magnitudes of the force 
constants, ky and ky the force constants of the carbon mon- 
oxides trans and ets to the ligand L respectively. In the 

CK method, it is assumed that carbon monoxide is one of the 
best acceptors of mt electrons; consequently ky is always 
greater than ky. The force constant is in part a reflection 
of the electron population in the tT antibonding orbital of 
carbon monoxide. The carbonyls in the equatorial plane share 
only one set of d orbitals with L. Since both, L and the trans 
carbon monoxide undergo tT bonding with the same two transition 


metal d orbitals (dxz and dyz using the L-M-CO axis as’ the 


z axis) the ability of L to accept or release m electrons 
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is believed to influence the value for k, more than ko + 


1 
The competition between L and the trans carbon monoxide 


for mt electrons is shown in the diagram below: 


Q awe A si Na 
OGY S 0-7 eo 


12 A3 


eer, 


The values~for ky also vary with different ligands, 
L. Shifts of band frequencies in the infrared spectra are 
observed in the same direction as for the axial carbon 
monoxide. Highly electronegative substituents ee the 
group IV metal shift all carbon monoxide stretching fre- 
quencies to higher values, note Fig. 13-16. For example, 


the CK force constants, ky and k, For :Ph SnMn (CO) , and 


3 
° 
SnMn (CO) - are 16.34, 16.64 and 16.91, 17.31 mdyne/A 


3 
respectively ae 


CL 


More recently, force constant calculations for 
LMn (CO) « have been refined by using 1300-enriched compounds. 
By this approach, the assumption made in the CK method, 
that ky > ky is not required and for Ph,MMn (CO) ; (M = Sn, 
Ge) it was found that ki < k, at However, for several 


other ligands, there is reasonable agreement between the 


values obtained by the latter method and the CK values. 
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Although the reasoning behind the relationship 
of relative force constants and mt bonding ability of 
ligands remains qualitatively unaltered, the assumptions 
made by the CK method and therefore the conclusions based 


on the CK values have limited justification. 


oe Bonding and Structure 


A question that arises is to what extent is a 
ligand affected by the m-acceptor ability of the group 
Prans. co. it, Although the concept of multiple metal- 
metal bonding is relatively new and not universally 
accepted, evidence for multiple bonding is obtained from 
the comparison of the X-ray data for the structures of 


Ph SnMn (CO) ; and Ph Triphenylphosphine in 


a 3 0 3) 


the latter molecule is in the trans position to the tri- 


SnMn (CO) ,PPh 


phenyltin ligand. It is well known that with increasing 
bond order, the interatomic distances determining the bond 
are reduced. For example, the carbon-carbon bond distances 

in simple hydrocarbons for single, double and triple bonds 
are 1.54 A, dead A and. be 2u A respectively. The predicted 
tin-manganese bond distance would be 2.85 A using half of 

60 


° 
the manganese-manganese bond distance, 1.46 A in Mn, (CO), q 


° 
plus half the tin-tin distance, 1.39 A in the .cyclic 


hexamer of diphenyl tin a The tin-manganese bond dis- 
tance in PhSnMn (CO) . to 2.67. A 210 a considerable short- 


' 2 
+ Ss 
+= 


a 


phetrin : 
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ening over the expected value. In Ph 3SnMn (CO) ,PPh,, however, 


° 
the tin manganese bond distance is even more reduced, 2.62 A 


be The weaker tm bonding ability of the triphenylphosphine, 
compared to that of carbon monoxide, is believed to enhance 

the mt bonding between the tin and manganese atoms, resulting 
in the reduced bond distance. 

It would be interesting to note the difference in bond 
lengths if Ph3SnMn (CO) ,PPh were capable of existing in the 
ets configuration. It appears that the ets configuration is 
electronically more favored, but bulky substituents prefer 
the sterically less hindered trans arrangement. It has been 
vividly demonstrated that the size of substituents play an 
important role in determining the stereospecific arrange- 
ment in octahedral molecules aoe For example, in species 
such as (XM) FexX (CO) , (ew, bo, Lp Mi= Ge, Sn)" only: the 
ets isomer was observed. For (C1.M) ,Fe (CO) 4 (M = Ge, Sn), 
both the ects and trans isomers have been isolated. In 
solution the trans isomer rapidly converts to the ets iso- 
mer. For (XM) ,Fe(CO) y (X = Br, Iy M = Ge, Sn), however, 
only the trans isomers were detected. According to this 


evidence, cts Ph.,SnMn (CO) ,PPh would not be expected to be 


a 
stable and is not known to exist. 

A classic example of multiple metal-metal bonding is 
displayed by esol which has the shortest known 
52 


°o 
rhenium-rhenium bond distance, 2.24 A - The chlorines on 


the adjacent rhenium atoms are eclipsed, a sterically un- 


+*De5 


e\ , y | on 


yaeveworn . (Ae sed 


=iad 
iy 7 
a "4 
: 
i 
i 
4 
r 















fix 6d% : \tilege proilbacet. x ToAB SW oat + 
s - $ : os a <i 


, onl! nodiss To ees oF be 
ai3 sit seswted pniiaod 9 am 
<Soatelverb Duod besubot siya 


Li ade prhteastetnt ed bluow 2%. a 


E ) c 
sniqn 3 ssep lines’ « 
ud . Deteve? etoa YI [soinowged 


~ : : x a y 
iid geet 9¢iisolvesaem 


© i: vy, 7 
oi? tod4 be In teecomeb Yfbivise 
é i“ 


= 


ay ad zi an Lat ay J$6 at slot Inadaogmi 
oi | BL Om peared) at Jnom 
fp) = x) » (OR? KF. iM ex 26 | 

i 12) son hprie edo ase ‘xebioe re 

a8 Hed Ser eremges usta bin ‘diq eid ijod 


7 


oJ esxovaes Yfbiqea Reger 5 rphadts 2 een 






a3 


favorable arrangement, in order to be capable of attaining 


proper orbital overlap for a quadruple bond. This sym- 


metric arrangement allows to rationalize ao, two m7 and 


one 6 bond a4 
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EXPERIMENTAL 


All anion reactions were carried out under a static 
atmosphere of nitrogen, and during the workup extreme care 
was taken to minimize exposure of compounds to air in solu- 
tion or crystalline state. A detailed discussion on the 
handling of air sensitive compounds is given by Shriver 
195_ 

Melting points were determined on a Kofler Hot 
Stage, an instrument that allows observation of minute 
changes on microcrystalline material. The heating rate 
of the sample ranged from 3° to 5°C per minute. The 
values thus obtained were not corrected. 

For the measurement of precise infrared band posi- 
tions in the carbonyl stretching region, a Perkin Elmer 
Model 337 grating spectrometer equipped with an expanded 
scale readout accessory (Part No. 220-0058) and a Hewlett 
Packard Model 7127A pacorder was employed. Sodium chloride 
or potassium bromide cells having a 0.5 mm path length 
were used.” At three inches per minute chart speed in the 


net 24 500 om: 100 cm! was re 


region between 2200 cm 
corded over 13 cm of chart paper. Each expanded spectrum 
was calibrated above the region of interest by introducing 


a gas cell containing carbon monoxide into the sample beam 


at the appropriate time during a continuous scan. The 
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bands were then measured by interpolation using CO band 
No. 31 as a reference point Pee The linearity of the 
wavenumber scale in this interval was established by 
using gaseous deuterium chloride. The deviation in dupli- 


cate spectra did not exceed one ie thus, the 


quoted values are well within the limits of + 1 cm™?, 

The solvents for infrared purposes were either spectral 
aade cyclohexane or methylene chloride in case of low 
solubility in cyclohexane. Generally, cyclohexane solutions 


containing rae 


to ee molar carbonyl compounds result 

in spectra in which the transmittance of the major bands is 
20 - 60 %. As a rough guidel.0 to 1.5 mg/ml may be used 
for most complexes with molecular weights between 300 to 
500 . 

Reagent grade THF was freed from moisture and per- 
oxides by distillation from LiAlH,, and was used immedi- 
ately after purification. All. other solvents employed were 
reagent grade without further purification. 

Sodium amalgam was prepared in aliquots of 75 to 
100 gm by introducing small quantities of sodium metal to 
vigorously stirred mercury under a nitrogen atmosphere until 
the total weight of sodium amounted to approximately 1.03%. 

For reactions in sealed tubes, Carius tubes of 
approximately 60 - 70 ml volume, fitted with 14/20 standard 


taper joints were employed. The reaction mixture in these 
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was sealed under vacuum with the sample at liquid nitrogen 
temperature. 

Chemicals were either commercially available or pre- 
pared by standard synthetic procedures as noted below. In 
cases where the purity was in doubt, purification by re- 


crystallization or sublimation was performed. 


Triphenylgermanium bromide, Ph,GeBr. This was prepared 
using the method described by Johnson and Harris ae One 


recrystallization from a mixture of dichloromethane-hexane 
elevated the melting point of this material from 121-133°C 


to 135-138°C. 


Triphenyltin chloride, Ph,Sncl This compound was purchased 


from M & T Chemicals Inc. It was used without purification. 


Triphenyllead chloride, Ph,PbCl. This compound was prepared 
using the method described by Gilman and Robinson Be 


Tetraphenyllead (20 gm, 0.04 mol) was dissolved in refluxing 
chloroform... Dry hydrogen chloride was passed through the 
solution for 20 minutes with vigorous stirring. During this 
process the solution became slightly turbid. The stirring 
reaction mixture was refluxed for an additional 20 minutes. 
The reaction mixture was then allowed to cool to room tem- 
perature and filtered. A white needle-like crystalline 
material slowly precipitated from solution in the refriger- 


ator. One additional recrystallization from chloroform 
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resulted in a melting point of 206 - 208°C. 


Triphenylphosphine, Ph,P and Triphenylsilane,Ph,SiH. These 


a 


were purchased from M & T Chemical Inc., or Peninsular 





Chemresearch Inc. and used without further purification. 


Dimanganesedecacarbonyl, Mn. (CO)49- For the preparation of 
this complex, the method described by King Le was followed. 
The product thus available was purified by slow sublimation 


onto a watercooled jacket at a pressure of less than 0.01 


mm of mercury. 


Dirheniumdecacarbonyl, Re, (CO) 4 - This synthetic method is 
described in reference 132. Dirhenium heptoxide, Re,07, 
(50 gms, 0.02 moles), available from Alfa Inorganics Inc., 
was placed in a 500 ml rocking autoclave. Approximately 

ay el of ald glass beads were added, to assist agitation. 
After flushing once with 500 psi of carbon monoxide, the 
autoclave was pressurized to 3100 psi of carbon monoxide. 

The temperature was slowly raised to 240°C. With continuous 
slow rocking this temperature was maintained for 20 hrs. 
After cooling the equipment to room temperature, the combined 
mixture of black appearance was placed in a large sublimer. 
At 40 - 50°C and a pressure less than 0.01 mm mercury, 

Re, (CO) 49 was deposited on the water cooled probe. After an 
additional sublimation, pure white crystalline material was 


obtained. The yield of Re, (CO) 49 was 45.7 gm, approximately 


62%. 
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Triphenylgermaniummanganesepentacarbonyl, Ph GeMn (CO) .. A 


m 
GeBr (15.0 mmol) in 20 ml dry THF 





solution of 5.7 gm Ph, 
was Slowly added to a THF solution containing Na (Mn (CO) .]7 
(15.4 mmol), prepared from 3.0 gm Mn, (CO), in 45 ml dry 
THF over excess sodium amalgam. After addition was com- 
plete, the mixture was magnetically stirred at room tem-— 
perature for an additional 30 minutes. The solvent was 
removed at reduced pressure and the dirty gray residue was 
extracted with several 40-ml aliquots of hot hexane. The 
combined extracts were filtered hot and then slowly cooled 
am -the “reérrigerater:s” A coarse white crystalline material 
precipitated from solution. The solvent was decanted and 
the crystalline product dried at reduced pressure. The 
melting point of Ph ,GeMn (CO) , was sharp at 162 - 164°C 


194 


Clete mp -L62+= 164°C) after an additional recrystal- 


lization from hexane. 


Triphenyltinmanganesepentacarbonyl, PhSnMn (CO) . 


A solution of 5.8 gm Ph,SncCl (15.4 mmol) in 20 ml dry 


3 
THF was slowly added to a vigorously stirred solution of 

Na [Mn (CO) -]7 (15.4 mmol) prepared from 3.0 gm Mn,(CO),, in 
45 ml dry THF over excess sodium amalgam. After addition 
was complete, stirring at room temperature was prolonged 
for an additional 30 minutes. The solvent was stripped off 
at reduced pressure,resulting in a dirty gray oily residue. 


This was extracted with several 40-ml aliquots of hot hexane. 


The combined hot solution was filtered and then slowly 
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49, 
cooled in the refrigerator. A coarse white crystalline 
material precipitated from the solution. The hexane was 
poured off and the product dried at reduced eccrine Re- 
crystallization from hot hexane resulted in a product, 
Ph,SnMn (CO) , Melting. shiaroly qt 250 - 151°C (lit. mp 150- 


152°c) ®, 


3PbMn (CO) .. 


Pecl (15.4 mmol) “in 20 ml 


Triphenylleadmanganesepentacarbonyl, Ph 
PegOlucion OL. ss. gm Ph. 
THF was slowly added to a vigorously stirring solution of 
Na [Mn (CO) ,]7 (15.4 mmol) prepared from 3.0 gm of Mn. (CO) 49> 
After the mixture was stirred for an additional 30 minutes, 
the THF was removed at reduced pressure leaving a dirty 
brown residue. This was extracted with several small ali- 
quots of hot hexane. The combined solution was filtered 
hot and slowly cooled in the refrigerator. Pale yellow, 
coarse plate-like crystals precipitated. The solvent was 
decanted and the product dried in vacuum. The melting 


point of Ph PbMn (CO) - was 141 - 144°C (lit. mp 146-148°c) 89, 


3 
Exposure to light for a prolonged period of time darkens 
this complex; however, a sample stored in the dark under 


nitrogen showed no visible change in three years. 


Trichlorotinmanganesepentacarbonyl, C1,SnMn (CO) , . 





Dry chlorine gas was passed through a solution of 


1.5 gm Ph SnMn (CO) , (2.8 mmol) in 40 ml dichloromethane at 


a 


room temperature for 20 minutes. The solution turned 


slowly from colorless to pale yellow. Excess chlorine and 
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50%. 


dichloromethane were removed at.a reduced pressure yielding a 
yellow crystalline solid. This was recrystallized from hot 
carbon tetrachloride. Slow cooling of the hot filtrate in 

a refrigerator precipitated pale yellow needles of 

or SnMn (CO) . (0.69 gms, 60%), which decomposed above 174°C 


3 
fie dace 168°C) o>. 


Tribromotinmanganesepentacarbonyl, Br,SnMn (CO). 


A solution of 1.5 gm Ph SnMn (CO) , (2.8 mmol) in 40 


= 
ml of carbon tetrachloride was brought to reflux. Bromine 
was Slowly added until the brown color persisted. The mix- 
ture was then refluxed with stirring for an additional 25 
minutes. This was then filtered hot and the excess bromine 
and carbon tetrachloride stripped off at reduced pressure, 
resulting in a yellow crystalline solid. Recrystallization 
from hot carbon tetrachloride yielded a yellow crystalline 


solid, Br SnMn (CO) . (0.92 gms, 74% yield), melting at 148 - 


3 
fsg°C) (ite. mp 145 - 147°C)">. 


Triphenyltintriphenylphosphinemanganesetetracarbonyl, 


Ph SnMn (CO) ,PFh 


5 
Method A. 


ii 


A solution of 200 ml cyclohexane ran rrers 4.0 gm 
Mn. (CO) 49 (8.2 mmol) and 9.0 gm PPh, (3.4 mmol) was exposed 
to ultraviolet irradiation for 14 hours using a 450 watt 
Hanovia lamp in a water cooled quartz jacket. An orange 


microcrystalline product precipitated. This was filtered 
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af ke 


off and dried resulting in 3.60 Mn, (CO) » (PPh The fil- 


eek 
trate was exposed to ultraviolet light for an additional 


22 hours yielding an additional 3.40 om of Mn (CO) g (PPh). 


The combined product, Mn. (CO) . (PPh (7.0 gm) corres- 


3) 2 
ponds to 80% yield based on the amount Mn (CO) 45 used. 
One gm of the orange microcrystalline product was recrystal- 
lized twice from dichloromethane-hexane mixtures. The 


coarse, reddish-orange, crystalline material had a melting 


Deinevoe d27sea secs (Lite moelaar—-902c). +7 % In 


dichloromethane the infrared spectrum in the carbonyl 


region shows one strong band at 1952 cmt plus a medium 


Shoulder at 1980 om te 


ane Lh. tGale..-tor Cy glagMn505P.: 


mene 220.5 OL wet an< hae £16 ves 


G robs sqetyas .ontPactad. 


The sodium salt, Na” [Mn (CO) ,PPh3]7 was prepared 


from 2.0 gm Mn. (CO) , (PPh (2.3 mmol) in vigorously stir- 


3)2 
ring dry THF over sodium amalgam. After 20 minutes, the 
amalgam was removed and the solution cleared of any ad- 
hering amalgam by washing with several aliquots of pure 
mercury. A solution of 1.1 gm Ph,Sncl (2.3 mmol) in 25 ml 
dry THF was slowly added. After addition was complete, the 
reaction mixture was stirred for an additional 30 minutes 
at room temperature. The THF was removed at reduced pres- 
sure and the residue extracted with dichloromethane. 
Pentane was slowly added to the clear filtrate until the 


solution became slightly turbid. Slow cooling of this 


mixture in the refrigerator resulted in the formation of 
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52. 
white needle-like crystalline material. An additional 
recrystallization from the same solvent pair resulted in 


a crystalline product Ph3SnMn (CO) ,PPh,, melting at 226 - 


223°C... 
Method B. 

A mixture of 1.5 gm Ph,SnMn (CO) , (2.8 mmol) and 
O79 PPh. (3.0 mmol) ‘was sealed under vacuum in a 60 - 70 


ml thick walled Pyrex tube without solvent. The tube was 
heated at 160°C for five hours. After the tube cooled slowly 
to room temperature, it was further cooled to liquid nitro- 


gen temperature and cracked open to release the carbon 
monoxide formed. The crystalline residue was extracted 

with dichloromethane and filtered. Hexane was slowly added 
until the mixture became slightly turbid. A white crystal- 
line product precipitated slowly at refrigerator temperature. 
The product, Ph 


SnMn (CO) ,PPh was identical in all respects 


a 3 
to that obtained by method A. 


Triphenylsilylmanganesepentacarbonyl, Ph,SiMn (CO) , 





Method A. 

A solution of 2.61 gm Ph,SiH (10 mmol) and 1.96 gm 
Mn, (CO) 49 (5.0 mmol) was refluxed in methylcyclohexane 
for 140 hours. The progress of the reaction was followed 
by infrared spectroscopy, which gave evidence of a new band 
near 2100 cm + after 24 hours.. To a 35 ml aliquot of 


methylcyclohexane solution was added 15 gm Florisil (100-200 
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ap 
mesh) and the solvent was removed at reduced pressure on a 
rotary evaporator. The adsorbed sample was then placed on 
a 2.2 x 17 cm Florisil column made up with hexane. Elution 
with hexane yielded first a yellow band Mn (CO) 49 by infra- 
red) followed slowly by a colorless oil, Ph,SiH. Continued 


3 


elution with hexane-benzene (1:1) yielded Ph SiMn (CO) , which 


3 
was recrystallized from hexane. The overall yield based on 


Mn, (CO), 9 was approximately 8%. 


Method B 


A mixture of.1.5 gm Ph.SiH (5.8 mmol) and 1.0 gm 


3 
Mn (CO) 45 (2.6 mmol) was heated in a sealed evacuated tube 


2 

at 160 - 165°C, during which two layers were present and 
gas evolution was noted at the interphase. After 35 hours 
the tube was cooled to room temperature, then to liquid 
nitrogen temperature and opened to release the gas pres- 
Sure produced in the reaction. From the mixture, the un- 
reacted Mn, (CO) 46 was sublimed off under vacuum at room 
temperature. The residue was recrystallized from hexane, 


affording 0.41 gm Ph SiMn (CO) ; (35% yield). 


3 
Triphenylrheniumpentacarbonyl, Ph,SiRe (CO), 


A mixture of 1.79 gm Ph.SiH (6.9 mmol) and 1.50 gm 


3 
Re, (CO) 19 (2.3 mmol) was sealed under vacuum in a 60 - 70 
ml Carius tube at liquid nitrogen temperature. The tube 

was heated at 160 - 165°C for 24 hours. After cooling to 


room temperature, the tube was further cooled to liquid 
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nitrogen temperature and opened to release the gas pres- 


sure. The solid product was adsorbed onto 20 gms of 
Florisil with dichloromethane. The dry adsorbed material 
was placed on top of a Florisil column (16 x 2.2 cm) made 
up with hexane. Elution with hexane resulted first in 

Re, (CO) 49 (by infrared) then Ph,Sik. Continued elution 


with benzene-hexane mixtures (1:1) yielded a Ph.,Sik - 


Ph SiRe (CO). mixture. This was recrystallized twice from 


3 
hot hexane, which on cooling resulted in pure Ph,SiRe (CO) , 


melting.at,157 — 158°C. 
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TABLE IV 


Analytical Data, Melting Points and Color of Group IV 
Derivatives 
Calculated 7 Found % 
Compound mp°Cc COLL AEG os H Cc te 
Ph,SiMn (CO) , 160-163 white CO S0- 7 Sa TouT es 3.46 
Ph,GeMn (CO) , 162-164 white SOT?) Do .Usreoo.44 3.18 
Ph,SnMn (CO) , 150-152 white S0,G9 ear ir aol. 44) 12.99 
Ph ,PbMn (CO) . 142-144 yellow - - = ~ 
Ph,SiRe (CO), 157-158 white Sie cite oa eed. da, - AVOU 
GeenMn (0)... d<174 p.yellow — = = ce 
Br ,SnMn (CO) ~ 146-148 yellow 10.850"°00 11.14 0.00 
Ph,SnMn (CO) ,PPh., 210-213 white Si io acho. OLeGd 93. 79 
TABLE V 


Carbonyl Stretching Frequencies * and Assignments 


Compound at B Ay E 
Ph,SiMn (CO) . 2098 2030 2003 2003 
Ph,GeMn (CO) . 2097 2032 2002 2006 
Ph ,SnMn (CO) - 2053 2027 2002 2002 
Ph ,PbMn (CO) , 2091 au29 2003 2003 
Ph,SiRe (CO). 2118 2044 2003 2012 
C1,SnMn (CO); 2126 -- 2039 2046 
Br ,SnMn (CO). Bi2z2 2060 2037 2043 
Ph,SnMn (CO) ,PPh. = -- -- 2252 


In cyclohexane, cm 


55. 













whe a 


vt oe fis eto rG9. pate e fisM Bisd teoit 


= _ 


0a - eftiw aes -=e (0d) nimi oes 
wt 7 hw h as—Sol i 3 (09) nod a 


} w Sepa ou - | 
; 3 (89) nM, A 
wo bay bhi=- Ch] 


e! a 


Siiey.¢q tsk +: _ (09) sit, AOE 


S- of 3 hist «= RESTS 2 (Ooyeniele 


0 28.00. webneie ” eRRNRmME) 3 *  (Oohnmat, a5 
cttw! | € ES OES \ pelee #100} anne eam - 


Vy bs | +) Aa és y 


—— a 


_a 22d oreo poe jptt plitdasp-t9 8 synod 9 
pA ee, . gh a a Bites), . 


B00s" | b gin ofes ~—6BeOS 





£0 Og. 


G0 ear | 


a 
jo) 





> 
oO 


Percent Transmission 


nN 
oO 


2100 2000 
cm) 


(Cy Hs )3Sn Mn(CO)s 


Figure l 


100 
- 


2100 2000 
cm7! 
(CgHs)3Si Mn(CO)s 


a 
°o 





> 
oO 


Percent Transmission 


nN 
°o 


Figure 3 


100 


80 


oO 
oO 


> 
© 


Percent Transmission 


ied 
io) 


100 


a 
fo) 


> 
je) 


Percent Transmission 


nN 
oO 











| 


2100 2000 
cm-] 


(Cy Hs )yGe Re (CO)s 


Figure 2 








(CyHs)5 SiRe (CO)s 


Figure 4 


30s 





a 


CHAPTER III 


Thermal Reactions of Silanes with Transition Metal Carbonyls 


Introduction 
The first silyl-transition metal carbonyl complex with 
a covalent metal-metal bond, Me,SiFe(CO).Cp, reported in 1956 


by Piper et al., was prepared in an anion reaction employing 


Me.SiCl and Na [Fe (CO) .Cp]~ ae This complex remained the 


3 
only known compound of this type until 1965 when Chalk and 


BiCo (eo) feeoeC) Seri. Se, 1ecc, ) Trom 


2 4’ 
a7 


the reaction of R2SiH with Co, (CO) » . The present investi- 


gation, employing the latter approach, resulted in numerous 


Harrod obtained R 


silyl-transition metal complexes and proved this synthetic 
route a general method for the preparation of silyl-transi- 
tion metal bonds. 

More recently several studies of silyl-transition 
metal bonding have been reported. From a structural stand- 


Bont, CH. = CHSiCo,(CO), and [Sico, (CO) reported by 


912 
Kettle eo appear exceedingly interesting, although there 


is now some reason to doubt their existence 87,138 


Aylett and Campbell synthesized several of the parent silyl 


derivatives such as HSiCo(CO) , ae H,SiMn (CO), i and 


(HSi) 5Fe (CO) , : by employing the carbonylate anions and 


H,Sil. The formation of Me 3SiM(CO) ,Cp (M = Mo,W) in 


3 


reactions between Me ,SiNMe., and HM (CO) ,Cp has been reported 


by Lappert et Sri The reaction of Fe (CO). or Ni (CO) , with 
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Ph3Sibi results in the corresponding anions, Ph 


and Ph SiNi(CO) .— 143 | It was found after the initial 


35iFe (CO) , 


results of the present work had been communicated ce that 


é , ; 56 
C1,SiH and Ru, (CO) 15 react to form [C1,SiRu(CO) ,], : 
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RESULTS AND DISCUSSION 


oo Syntheses and Chemical Properties. 

The thermal reactions of silanes with dinuclear 
transition metal carbonyls yield silyl derivatives of 
transition metal carbonyl complexes. The formation of the 
Silicon transition metal bond requires the breaking of 
transition metal-metal and silicon-hydrogen bonds. This 


process can be represented in the following general terms: 


A 
M-M + HSi —_——> H-M + Si-M Eg res 
The transition metal hydride thus formed may further react 
in two possible ways as is suggested by equations III.2 and 


di T2333 


2H-M ——> Ho + M-M (Iidvis 2) 


H-M + HSi ————> H, + Si-M [ITIg3] 


Reaction III.2 would regenerate starting material, which in 

turn would react with more silane and according to equation 

III.3 the hydride would react directly with silane and form 

product. There is evidence that both processes may be occur- 

ring simultaneously. For example, HMn (CO) , is not stable 

thermally. It dimerizes above room temperature to Mn. (CO) 49 
Aa1 


with the elimination of hydrogen . MacDiarmid et al. 


found that the formation of Me ,SiMn (CO) . required temperatures 
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between 130 - 140°C,when Mn, (CO), 9 and Me 3SiH were employed, 
whereas with HMn (CO) , and Me ,SiH the reaction proceeds at 
er 130 

Of the dinuclear transition metal carbonyls, only 
Co, (CO) , is known to react with silanes at room temperature* 
ia Other carbonyls require temperatures between 70 - 180°C 
to proceed at a reasonable rate. Since most silanes employed 
boil below the reaction temperature, closed reaction vessels 
which are capable of withstanding considerable pressure must 
be employed. For example, the boiling points of C1,SiH and 
Me SiH are 33°C and 7°C respectively. Thick walled Pyrex 
tubes, known as Carius tubes, are most convenient. These 
can be sealed with the reactants under vacuum. With tri- 
chlorosilane, reactions at Peete a eke up to 200°C have been 
carried out successfully in these tubes. 

The yields of the products in these reactions vary from 
5 - 100% based on the carbonyl starting material. Silane is 
used in excess and generally serves also as the reaction sol- 
vent. Carbon monoxide, which is always formed in the partial 
decomposition in most reactions appears to help stabilize the 


carbonyl products and starting materials at the reaction 


temperature. Reactions with carbonyls such as Re, (CO)4 9: 





* 
The reaction of [CpNi (CO) ], and C1,SiH which was carried 


out at 45 - 50°C in a sealed tube probably proceeds at room 


temperature at a moderate rate. 
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Mn, (CO), 9 or Fe (CO). are almost quantitative, while those 
with [CpNi(CO) ]. and [CpMo (CO) 3], form considerable 

quantities of Ni(CO) , and Mo(CO) ¢. For example, the re- 
actions of C1,SiH and Rey (CO) 4 is rapid and almost quan- 


titative at 160°C to yield Cl SiRe (CO) ., whereas the 


3 
synthesis of C13SiNi (CO) Cp in the reaction of C1,SiH and 
[CpNi (Co) ], is accompanied by extensive aheuaesniearsny 
C1,SiH 
Re,(CO),;g ——> C1,SiRe(CO), + H, Priors 4! 
Sore Ce) 
aa 
We | <> 
arly ape & et) NICO4:- 
2fe SiClg 
14 1S: 
=f ne ~~ 
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The relative rates at which these reactions proceed 
appear to depend to a great extent on the total electro- 
negativity of the substituents on the silyl starting 
material. If Mn. (CO) 44 is reacted under similar conditions 
with a series of silanes such as Me, Cl SiH, the reaction 
rate increases by a factor of approximately ten when n is 
increased by one. For example, the reaction of C1,SiH and 
Mn. (CO) 46 yields quantitatively C1,SiMn (CO), at La0°C in 
approximately 4 - 5 hours, while the reaction of Me 3SiH 
and Mn (CO) 4q at 160°C showed Sonsiderable quantities of 


unreacted Mn. (CO) 49 after 20 hours. 
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Me, _ C1 SiH 
————___——_______» i 
Mn (CO) 45 Me,_,C1,SiMn (CO) , + H 


The influence on the reaction rates of phenyl or hydro- 
gen iS approximately the same as that of methyl groups. A 
Similar trend is observed with different transition metal 
carbonyls. For example, the relative ease with which 
C1,SiH appears to react with the dinuclear carbonyls is 


shown below: 


CO) g<ICpNi (CO) ], 


[CpCr (CO) 31 Mn, (CO) 10 <lCpFe (CO) oo” xX<Co, ( 


The products of reactions between silanes and dinuclear 
transition metal carbonyls are not always predictable. In 
some cases more than one silyl transition metal derivative 
is isolated; in such cases, by the proper choice of re- 
action conditions the course of the reaction can sometimes 
be controlled to yield mainly the desired component. For 
example, the reaction of Ph.SiH 


2 Z 
HSiMn (CO)... Above t150°C fos a 


and Mn (CO) 49 between 


140 - 150°C yields only Pho 


prolonged period of time the reaction yields [Ph,SiMn (CO) ,].,, 


as well as Ph HSiMn (CO) , and a substantial quantity of 


a 


decomposed material. 


Ph,Sil, | 
Mn (CO) 44 nS Ph jHSimMn (CO) , +-H 


vet 7] 
140-150°C 


7 
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Ph,SiH / Ah 
ea eS PhjHSimn (CO), + [Ph,SiMn(CO) 4], +... 
rel eta his <i Mel § Bi Oe 


Bee Ag oH 


The formation of [Ph,SiMn (CO) ,], appears to resemble the 


formation [C1Mn (CO) 4], from CiMn (CO); A, In both processes 


carbon monoxide is lost upon heating in the formation of 
the dimers. The reaction of Ph5Sil, and [CpFe (CO) .], on the 


other hand, at similar conditions yields only Ph HSiFe(CO).,Cp, 


2 


showing no signs of other silyl derivatives or decomposition. 


The reaction of PhSil, and [CpFe (CO) 5], at 130 - 140°C 


yields approximately equimolar quantities of Ph H,SiFe (CO) Cp 
and H,SiFe (CO) ,Cp and similarly, the reaction of C1.SiH and 


[CpCr (CO) at 120 —-130°@" yields cl SiCr (CO) ,Cp and 


312 
HCl 9Sicr (CO) 3CP 
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Both reactions are extremely slow below 100°C, and at the 
elevated temperatures formation of the two products in each 
of the reactions appears to take place at approximately 
the same rate. Considerable decomposition is also observed. 
The breaking of bonds other res Silicon-hydrogen 
on the silyl starting materials is relatively uncommon in 
these reactions, suggesting that other more complex processes 
are occurring than is indicated by the generalreactions, 
equations III 1-3. 
Silicon-transition metal bonds can also be synthesized 
in which, formally, one carbon monoxide molecule is replaced 
by two silyl groups, shown by the general equation below: 


A pst 
(OC) M+ 2 H-Si ——~> (OC) M KaCO i t+nH [EGL510 } 
Ti n-l a 


2 
Si 
Examples of these are (C1351) ,Fe(CO) , and (C151) ,Co(CO)Cp, 


which are formed in reactions of Cl.,SiH and Fe (CO), or 


3 


CpCo (CO) 5 respectively. These reactions proceed at relat- 
ively high temperature and the possibility exists that the 
carbonyl starting material forms first some type of poly- 
nuclear species (e.g. Fe (CO), 5) which then reacts with 
the silane to form the observed product. 


The reaction of C1,SiH and CpCo(CoO) yielding 


Pad 
(C1,Si) ,Co(CO) Cp also forms a substantial quantity of 


as SiCo(CO) gy as well as unidentified black residues. 


2 


Replacement of the cyclopentadienyl ring by carbon monoxide 
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from decomposition is also observed in the reaction of 
C13SiH and [CpMo (CO) 3],, which yields Mo (CO) ¢ in addition 


to C13SiMo (CO) Cp. Dicobalt octacarbonyl, if formed in the 


: : 37 
3518 to form C1,S5iCo(CO) 4 : 


A temperature dependence of the products is also 


reaction, would react with Cl 


observed in the reactions of C1,SiH and Fe, (CO) 45 oc 


Fe (CO)... 1% 3 Fe (CO), > and Cl,SiH are employed, the reaction 


3 
proceeds at 70 - 80°C forming (C1,Si) Fe (CO) , in near 
quantitative yield. At the same temperature Fe (CO), and 
C1,SiH show no appreciable reaction, but between 140 - 150°C 
(C151) ,Fe (CO) y forms rapidly in high yield. If the same 
reaction mixtures are heated above 160°C, the major product 

is [Cl,SiFe (CO) ,],- In all these reactions, minute quantities 
of a compound, later recognized as C1,SiHFe (CO) , ,were observed 
in the infrared spectra of the crude products. This hydride, 
a liquid at room temperature, was not isolated from these 
reactions because of its extreme sensitivity to air. (cf. 
Chapter V; the ultraviolet irradiation of Fe (CO), and 

Cl 


SiH yields Cl SiHFe (CO) 4). 


3 - 


It appears that in these reactions, the hydride 


Cl SiHFe (CO) , is an intermediate which subsequently reacts 


“ 
to form the other observed products. To account for these, 
several reasonable reaction paths can be suggested for the 


above processes: 
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Fe (CO); - C1,S1iH “ C1SiHFe (CO) 4 CoO PEEPS LE] 
2C1,SiHFe (CO) , + H., + [C1,SiFe (CO) 4], PEEL SI |} 
C1,SiHFe (CO) , + C1.S1iH = Ho + (C1351) ,Fe (CO) , PELE | 
[Cl,SiFe(CO) 4], + C1,SiH > C1,SiHFe (CO) , 

+ (C1,Si) ,Fe(CO) , [TIT eA) 


[C1,S5iFe (CO) ,], > (C1,Si) ,Fe (CO), + "Fe (CO) , 
Fe (CO) y + C1,S51H 3S C1,SiHFe (CO) , 
PLDT abS:] 


2(C1,Si),Fe(CO) , 2G. oF [Cl,SiFe (CO) ,] [tlt 16) 


4 2 


The product in equation III.12 has been synthesized 
from C13SiHFe (CO) , in the presence of tetrafluoroethylene, 
as described in Chapter V. When [C1 ,SiFe (CO) ,J, is heated 
in a sealed tube above 100°C, the products shown in 


equation III.17 are formed. 


: A . : 
[Cl1,SiFe (CO) 4] —> [Cl,SiFe(CO) 4], eevee te 


3 Si + Fe (CO). 


4 
Pie celal | 


Equation III.14 is analogous to the suggested pathway for 
the reaction of Co, (CO) ¢ and C1,SiH bis The net change 

in equations III.14 and III.15 is identical. To under- 
stand the complexity of these reactions more data is 
required than is presently at hand. The reaction of C1,SiH 


and [CpFe (CO) is also exceedingly complex, and forms 


2!2 
the subject of Chapter IV. 


The successful isolation of a certain product in these 
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reactions is greatly dependent upon the thermal stability 
of the complex in the reaction mixture at the reaction 
temperature. If the breakdown of a species or further 
reaction steps are faster than its formation, then yields 
of this specific component will be extremely low. For 
example, if C1,SiHFe (CO) , is an intermediate in the 


reaction of Fe,(CO) 45 and Cl1.,SiH, then above 70°C it would 


2 
rapidly react to form (C1,Si) ,Fe (CO) ,. 

The physical and chemical properties of the silyl 
transition metal carbonyls allow the use of usual experi- 
mental techniques in the isolation of the complexes from 
their reaction mixtures. Two of the most conveniently 
employed techniques for the purification of these com- 
pounds are crystallization from hexane and sublimation 
under high vacuum. 

Handling of these complexes in their pure crystalline 
state in air for periods up to one hour results in no 
noticeable decomposition in most cases, but in the crude 
state or in solution,decomposition takes place very 
rapidly,especially if the sample is exposed to light. For 
a series of complexes such as Me,_,C1,5imMn (co) ., the 


solubility in hexane increases as is shown below: 


C1,SiMn (CO) _ < MeCl SiMn (CO), < Me C1SiMn (CO) , < Me SiMn (CO). 


2 yf a 


For example, in hexane, C1,SiMn (CO); crystallizes quite 
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rapidly at approximately 09°C, while a hexane solution 

of Me,SiMn(CO),, cooled to -78°C, slowly crystallizes 

Me3,SiMn(CO) ,. Melting points of these compounds follow 

the reverse order, Lte. C1,5iMn (CO) , is the highest melting. 
For sublimation, the triphenyl- and diphenylsilyl- 


derivatives such as Ph..SiMn (CO) . and Ph.HSiMn (CO) show 


Bye 
exceedingly low vapour pressures, making this isolation 
technique inconvenient, but the methylchloro-series such 

as een on eS and Me, _C1,SiFe(CO).,Cp show vapour 
pressure trends which are similar to the solubility order 
381Mn (CO) . sublimes above 60°C 


at a pressure less than 0.01 mm mercury and is efficiently 


shown above. For example Cl 


deposited onto a water-cooled probe. The trimethyl 


analog, Me SiMn (CO) , sublimes rapidly at room temperature 


ic) 
under vacuum. To prevent the product from passing into 
Poe .cald trap, the probe should be ‘cooled to -78°C. 

To safeguard against the toxicity of these complexes, 
which is unknown but probably high, the experiments were 
carried out in the fume hood. Iron pentacarbonyl is an 
extreme example of a volatile highly toxic material; its 
handling in the fume hood is absolutely essential. Some 


of the methylsilyl derivatives also display unpleasant 


odors (€.g. Me,SiMn (CO) ., (MeC1,Si) ,Fe(CO) ,). 
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ae Infrared Spectra 

Application of group theory to carbonyl complexes of 
regular molecular symmetry allows the prediction of the 
Maximum possible infrared and Raman active carbon monoxide 
vibrations ae In molecules with unsymmetric substituents, 
the reduced symmetry occasionally allows observation in 
the infrared Of vibrations, which would be only Raman-active 
Ae the fully symmetric molecule. The monosubstituted 
octahedral system is described in Chapter II.. For LM(CO)., 
which has a Cr symmetry, three infrared-active modes are 
predicted and observed. 

The disubstituted octahedral complexes may exist 
ameirther the eis or trans configuration. For trans-LoM(CO) 4, 
which has a Day symmetry, only one infrared active mode is 
predicted, while ets-LoM(CO) , has a Coy symmetry for which 
four infrared active modes are predictea>*, Note in Chapter 977 
for PhSnMn (CO) ,PPh., only one carbon monoxide vibration 
was observed, consistent with a Cay symmetry in which the 
Ph,Sn and Ph.,P groups are in a trans arrangement. On the 


a 3 


other hand, Cl SiHFe (CO) y, (C1,Si),Fe(CO),, [Cl1.SiFe (CO) 


3 ato 


and [Ph,SiMn(CO),].,, each show four relatively strong 


carbon monoxide stretching vibrations, consistent with 


the ets arrangement: 
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The infrared spectra of these complexes are shown in Figures 
Pa 42 and 45, 44... For [Cl,SiFe (CO) ,], and [Ph,SiMn (CO) 4]. 
the infrared spectra yield essentially the same number of 
carbon monoxide stretching bands as would be predicted for 
the symmetric halves of the molecules. If the four membered 
silyl-transition metal ring is planar, then the molecules 
are highly symmetric and only four carbon monoxide stretch- 


ing bands are predicted. Coupling between certain carbon 


monoxide vibrations on adjacent metals can result in zero 


y 
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dipole moments: 


IR inactive mode 


This type of structure isSborne out for [Ph,SiMn (CO) 4], 
by the preliminary X-ray crystallographic results oo which 
yield a planar silyl-manganese ring system with a manganese- 
Manganese distance of 2.874 A. 

For Ph,GeFe,(CO) 4 a0 a monobridging analog, the 
symmetry is greatly reduced; consequently a greater number 
of carbonyl stretching modes are infrared active. This 


molecule shows seven carbon monoxide stretching bands in 


the infrared spectrum. 
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Prediction of the number of infrared active carbon 
monoxide stretching bands is difficult for molecules 


which do not have rigidly defined structures: 


The infrared spectra of these molecules are shown 
in Figures 70 and 97-98. Rotation about the iron-iron 


bond in [Cl,SiFe(CO) 4], or rotation about the iron-tin 
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bonds in C15Sn[Fe (CO) ,Sicl3], provides for numerous con- 
formations. One can predict the number of bands for 
various reasonable conformations and combinations of e7s 
and trans geometry and compare these with the number 


observed. 


te Conformational Effects 

Molecules in which rotation about a specific bond 
can bring about structurally different isomers may display 
conformational effects in their infrared spectra, as well 
as in other physical phenomena. The infrared spectra of 


the symmetric molecules, C1,SiFe(CO) ,Cp and Me SiFe(CO).Cp, 


2 
Shown in Fig. 24 and 27 do yield the number of predicted 
carbonyl stretching bands. Figures 25 and 26 are the in- 
frared spectra of the unsymmetric analogs, MeC1.SiFe (CO) 5Cp 
and Me,C1SiFe (CO) 5Cp. Both of these complexes contain two 
carbonyl ligands, but show four relatively strong carbonyl 
stretching bands. This unexpected feature, in which the 
number of carbon monoxide stretching vibrations exceed 

the number of carbon monoxide ligands in a molecule, 
strongly suggests the presence of conformational isomers 

in solution. Rotation about the iron-silicon bond is 
believed to cause these effects. The Newman projections 

of the possible isomers causing the observed infrared 
spectra are depicted in Figures 5 - 8. 


With reference to the Newman representation of 
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MeC1.,SiFe (CO) Cp which is shown in Fig. 6, on the statisti- 
cal basis alone, conformer II would have twice the probabil- 
ity of conformer I. The intensity of the individual carbon 
monoxide vibration is related to the dipole moment change 

of the vibration and the concentration of the particular 
isomer. At equilibrium the relative concentration of the 
isomers will depend on the relative energy of the individual 
conformations. The relative intensities, therefore, 

cannot be readily assigned to any particular conformation. 
Similar effects have subsequently been observed by Herber 
and Goscinny in their study of C1,Sn[Fe (CO) ,Cp], and 
Cl,Ge[Fe(CO),Cpl.,, by a combination of Mossbauer and 
infrared spectroscopy ee These molecules can be pictured 
as structural analogs of MeC1,SiFe(CO).,Cp in which the 
methyl group in Fig. 6 is replaced by Fe (CO) Cp. 

If rotation about the iron-silicon bond in 

MeC1,SiFe (CO) 5Cp were sufficiently slow, then the con- 
formational effect should also be observed in the nmr 
spectrum by the appearance of two resonance signals for 
the methyl protons. For example, dimethylformamide shows 
absorptions due to the methyl groups as a doublet at room 
temperature. These are of equal intensity 0.25 ppm apart. 
Above 150°C they merge together into a singlet, as 
rotation about the carbon-nitrogen bond becomes too rapid 


for nmr to resolve the two conformations 115) In the 
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temperature range from 33°C to -70°C, MeCl SiFe (CO) Cp in 


2 
carbon disulfide shows only one type of methyl proton reson- 
ance. Below 70°C however, the complex gels from solution. 
Rotation about the iron-silicon bond in this temperature 
range appears to be too rapid to resolve the conformations 
on the nmr time scale, which is approximately a factor of 
108 to 1688 slower than that of infrared spectroscopy. 
Recently, Nesmeyanov et al. obtained MeC1.,GeFe (CO) Cp 


172 and MeFe (CO) 9CP in 


from an insertion reaction of GeCl, 
dioxane. This product shows the presently anticipated 
four carbonyl stretching bands in the infrared spectrum 
at 2036 cm +, 2025 cm +, 1991 cm? and 1979 cm +. It is 
interesting to note, that when the infrared sample was 
cooled to -40°C, these authors found that the bands at 


Mpa and 199% an 


disappeared from the infrared 
spectrum. This latter observation has important impli- 
cations related to our findings in the nmr spectrum of 


MeCl SiFe (CO) Cp. The likely explanation is that the 


2 
population of the higher energy state is depleted by the 
Boltzmann principle, before the rate of interconversion of 
conformers is slowed sufficiently to permit the obser- 
vation of the two conformations on the nmr time scale. 
There may exist a relatively large energy difference 


between the two conformations and a relatively small 


potential barrier from the higher energy state to the lower 
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energy state. Population of the less stable conformer 
decreases therefore as the temperature is lowered. The 
Signal for the methyl protons observed at room temperature 
in the nmr of MeC1.,SiFe (CO) Cp is most probably an average 
of the methyl proton resonance in the two chemical enviro- 
ments,which are observed for the two conformations in the 
infrared spectrum. When the nmr sample is gradually 

cooled, only the isomer of lower energy remains, and at best 
one Might observe a small shift, the signal being due to 

one isomeric form instead of an average of both conforma- 


cions.< 


A similar doubling of bands was earlier observed by 
King in the carbonyl region of the infrared spectrum for 
1™-C.H-Mo (CO) ,Cp $28 The occurrence of four pase arney 
than the expected two carbon monoxide vibrations was 
originally attributed to cts-trans isomerism involving a 
bidentate tm allyl group at the base of a square pyramid. 
However, this molecule may assume tautomeric isomers 
similar to those observed for MeC1.,SiFe (CO) Cp if the 
barrier to rotation about the iron-t allyl axis can be 
overcome. This similarity can be shown in the Newman 
projection, Fig. 6, if the chlorines are replaced by the 
methylene groups, the methyl by hydrogen, silicon by 


carbon and iron by molybdenum. The cts-trans isomerism 


in 1-C3H,_Mo (CO) Cp has been rejected by Davison and Rode 
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on the basis of an nmr study ae These authors propose 


configurational isomers in which the 7m allyl group may 
rotate in some fashion such that the syn and anti protons 
remain unchanged. The net change appears to be the same 


as 180° rotation of the tm allyl group about the iron-t 
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More complex conformational effects are observed in 
the infrared spectra of molecules, which allow the unsym- 
metric ligand to assume a greater number of orientations. 
For the symmetric silyl complex, C1,SiMo(CO) Cp, three 
infrared active carbonyl stretching bands are predicted 
and observed, while the mixed methylchloro analog, 
MeC15S5iMo (CO) Cp, shows four resolved carbon monoxide 
stretching bands. These are shown in Figures 40 and 41. 
Similarly, four bands are predicted and observed for 
(C151) ,Fe (CO) 4, while the mixed methylchloro derivative, 


(MeC1,Si) ,Fe (CO) , shows six distinct strong stretching 


78. 
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vibrations plus a medium shoulder on one of the strong 
bands, shown in Figures 42 and 43. 

The infrared spectrum of the carbon monoxide stretch- 
ing vibrations for (MeO) ,8iFe (CO) ,Cp” is shown in Figure 


9. In this molecule rotation about the iron-silicon bond 
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Figure 9 


alone would not produce drastically different conforma- 
tions. However, when this rotation is coupled with the 
rotation about the Silicon-oxygen bond, it provides for 

an exceedingly complex system of conformations, since the 
Si-O-Me bond angle is approximately 105°. These rotations 


are depicted in 33. 





* The preparation of (MeO) 3SiFe (CO) {Cp is described in 
Chapter IV. . 









be 


nygifhem 6 eL ig swotreday ® 
» 2) eaeepett at nwiia- ‘ sbi J 
if # tei rh qa i y' & a at ont ) 4 


4 sob, (eM) yo? ancttardiv- enh ig 


vod “ape teset einuoston atad at 1@5 
. bh a es 


& 


al 


% 


>" 


80. 


\ Ae a 


é 


Migs” O23 Oye 
OG C 
¢pP 2 
oN 
Ags” Me 
383 
Te 


The infrared spectra of the.reaction mixture involving 


* 
C1,SiFe (CO) 5Cp and isopropyl alcohol, Me,HCOH, show analo- 


2 


gous conformational effects. The latter two cases show 
very broad carbonyl bands. The silyl ligand, Si (OCHMe,) 3, 
can assume numerous orientations, caused by rotation about 
the silicon-oxygen and oxygen-carbon bonds. The infrared 
spectrum of (Me,HCO) ,5iFe (CO) ,Cp is shown in Figure 65e 
(ofa sChaptern EV): 
Recently, conformational effects in the infrared 
spectra of other compounds have been discovered. For example, 


114 174 


Mecl SnFe (CO) Cp and TPh C,Co (CO) ,PPhMe., 34, , each 


v 3 


shows four relatively strong terminal carbonyl stretching 


bands. 





“the reaction is described in Chapter IV. 
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Ph eco 


Ph 634 


In all molecules discussed up to this point,which show 
conformational effects in the infrared spectra, the silyl 
ligands contain only two types of substituents (i.e. 


X YSiFe (CO) Cp) . For example, MeC1,SiFe (CO) Cp shows two 


2 
sets of two carbonyl stretching bands. For a molecule of 
the type XYZSiFe(CO).Cp, three different conformations 
are possible and three sets of twobands might be observed 
in the infrared spectrum. The reaction of PhMeC1SiH and 
[CpFe (CO) 5], yields PhMeC1SiFe (CO) Cp, a totally unsym- 
metric molecule. The Newman projections of the three 


possible conformations brought about by the rotation about 


the iron-silicon bond are shown in 35, 36 and 37. 


Cl Ph Me Cl Ph Me 
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The infrared spectum in the carbon monoxide stretching 
region for this molecule is shown in Fig. 33, which shows 
four poorly resolved bands. From the comparison of the 
carbonyl stretching values for PhCl,SiFe (CO) ,Cp and 


MecCl SiFe(CO),Cp, Table X, it is evident that the influence 


2 
of a methyl or phenyl group on the carbon monoxide stretch- 
ing vibration is very Similar. On this basis conformations 
35 and 36 would be expected to show very Similar values 

for carbon monoxide stretching vibrations. Recently, 
MeC1HSiFe (CO) ,Cp has been synthesized in a reaction of 

Na [Fe (CO) Cp] ~ and MeC1,SiH 48 this molecule does show 
the anticipated three sets of two carbonyl stretching 


bands Figure 10: 
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The high frequency bands in the infrared spectra of 


rdf SiFe(CO).,Cp, H SiFe(CO).,Cp, Ph SiFe (CO) Cp and 


3 3 3 
Me,SiFe(CO),Cp are at 2039 cm7t, 2010 cmt, 2005 cm >and 
1998 cm + respectively, note Table X. The trend in 
values for the low frequency band is very Similar. The 


difference in values for Me ,SiFe (CO) ,Cp and Ph SiFe (CO) 5Cp 


3 
is seven wave numbers, while the difference in values for 


Me SiFe (CO) Cp and H,SiFe(CO)5Cp is twelve wave numbers. 


3 
It would appear that a minimum difference in the electro- 
negativity of the substituents on the silyl group must 
exist before the different conformations of the molecule 
are resolved in the infrared spectrum. It is interesting 
to note that the difference in the values of the high 
frequency band for Ph 


SiFe (CO) 5Cp and H SiFe(CO).,Cp is 


3 3 
only five wave numbers; consequently the conformations of 


the unsymmetric molecules for the Ph niy,SiFe (CO) »Cp 


3- 

series are not resolved in the infrared spectra, Fig. 28-31. 
Unsymmetrically substituted cyclopentadienyl groups also 

May cause conformational effects in the infrared spectra. 

For example, the infrared spectra of C1,S5iFe (CO) .1C HCH, 

and (C1,Si) ,HFe(CO)™C5H,CH., Fig. 11 and 12, show four and 

two carbonyl stretching bands respectively. Similar 

tautomeric isomers, as for the unsymmetric silyl derivatives, 


may be postulated when the cyclopentadiene is rotated about 


the iron cyclopentadiene axis. 
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Complexes which show conformational effects in the in- 
frared spectra have a tendency to show varying melting 
points. These appear to drop and broaden with time after 
crystallization in the cold. Immediately after a crystal- 
line sample has been isolated and freed of the solvent, 
its melting point is generally sharp and relatively high. 
However, if the melting point is determined the following 


day on a sample stored under nitrogen at room temperature, 


ad eat. 


my < ‘ 
* By bs 


nia hs i aie f; 
bz re * . Poy oe 





86. 


its melting point may be several degrees lower and may be 
Spread over a range of 10 — 20°C. The melting point of 
MeC1,SiFe (CO) Cp demonstrates an extreme example of this 
physical change. When the melting point of this complex 
is taken within 30 minutes after crystallization at -15° 
its value is 99 - 102°C. If the sample is stored under 
nitrogen at room temperature for several hours, melting 
occurs over the whole range from 45° - 100°c. This complex 
is thermally very stable. A sample stored in a sealed 
ampule,at room temperature for one year, showed no notice- 
able decomposition. 

It appears that crystallization of MeC1,SiFe (CO) 5Cp 
from a solution at reduced temperature takes place with 
the complex in a preferred conformation. As the temperature 
is raised, thermal randomization occurs slowly,in which the 
methyl group may assume any of the orientations effected 
by rotation around the iron-silicon bond. The melting 
points then correspond to isomeric mixtures. 

In one instance, as noted earlier, an inseparable mix- 
ture. of Cl 


SiCr (CO) 3Cp and HCl SiCr (CO) ,Cp was obtained. 


3 2 


The infrared spectrum of the mixture showed six bands of 
which three were sharp, and were assigned to the trichloro- 
silyl derivative; the three broader bands, each appearing 


4 


as expected 7 - 14 cm ~ to lower frequency than the cor- 


responding sharp band, could logically be assigned to the 
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dichlorosilyl derviative. 

The frequencies of carbon monoxide stretching vib- 
rations are generally influenced by the electron density 
on the molecule, which is partly transmitted into the 
carbon monoxide antibonding orbitals. The isoelectronic 
series, Ni(CO) yg, 
at 2037 cm™+, 1883 cm™ 


Co(CO), and Fe(CO) ~ which shows bands 
4 4r 


1 2 


and 1788 cm? respectively ~, 


demonstrate examples of these shifts. Electronegative 
substituents on the ligands or electronegative ligands do 
show similar effects. An electronegative ligand has the 
tendency to withdraw electrons from the molecular systems 
which shifts the vibration frequencies of the carbon mon- 
oxides to higher values. Several series of analogs in 
which the change of substituents on the silyl group show 

a gradual shift in carbonyl stretching values are shown 

in Tables IX, X and XI. Correlation cf the values for 


the X SiFe (CO) .5Cp (X = Cl, H, Ph, Me) yields a relative 


3 
order of electronegativities of the substituents on the 


Silicon atom. 
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EXPERIMENTAL 


General procedures described in Chapter II are also 
applicable in the present section. 

Unless otherwise stated, the Pe odih SHE were carried 
out in Carius tubes with an approximate volume of 60 - 70 
ml. These were constructed of thick walled 17 mm inside 
diameter Pyrex tubing,which had a 14/20 standard taper 
joint attached at one end by a 15 cm length of thick-walled 
5 mm inside djameter tubing. Prior to the addition of 
reagents, the Carius tube was flushed out with nitrogen. 
The solid crystalline starting materials were weighed and 
placed directly into these tubes. Nonvolatile liquids 


2 


the tube. The Carius tube was then attached to a vacuum 


such as Ph SiH,, PhSill,, and Fe (CO), were syringed into 


system and evacuated with the sample at liquid nitrogen 


temperature. Volatile reagents such as C13SiH and Me,SiH 
were distilled into a measuring finger and then the 
required liquid volume was transferred by distillation 

into the Carius tube at reduced pressure. In most 
reactions, no solvents were employed; however if solvents 
were used, these were distilled into the Carius tube. 

When all materials had been placed into the Carius tube, 

it was sealed off under vacuum along the narrow tubing. The 
seal was carefully annealed with a soft flame, a required 


procedure if the tube is to withstand maximum pressure. 


After the reaction mixture had been exposed to the reaction 
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conditions, it was slowly cooled to room temperature, then 
liquid nitrogen temperature, and cracked open along the 
narrow tubing to release the gases formed in the reaction. 
Volatile silanes, that had been used in excess,were removed 
at reduced pressure into a cold trap and stored for further 
use. The products remaining in the tube, if exceedingly 
volatile, were sublimed directly onto a cold finger or 
into a Schlenk tube. The less volatile products were ex- 
tracted with hexane or dichloromethane, depending on the 
solubility of the complex. The major methods for puri- 
fication of the complexes were crystallization and subli- 
Mation. The relative sharpness cof melting points and 
Sean infrared spectra, after repeated crystallization 
or sublimation,were taken as indications of purity. This 
was confirmed by elemental analysis of carbon and hydrogen, 
or carbon, hydrogen and chlorine. Agreement between the 
calculated and found values within + 0.3% were taken as 
acceptable values. Analysis in which the values were 
somewhat outside the range of + .3% but was in agreement 
with the stoichiometries determined by mass spectroscopy, 
were also accepted as in agreement with the anticipated 
compounds, providing other data supported the assignment. 

Analyses were generally performed by Mrs. Darlene 
Mahlow and Mrs. Andrea Dunn in the Microanalytical 


Laboratory of this department.. Samples which required 
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the analysis of other elements were sent to A. Bernhardt, 
Microanalytisches Laboratorium, Muhlheim, Germany; F. 
Pascher, Mikroanalytisches Laboratorium, Bonn, Germany, 

or Schwarzkopf, Microanalytical Laboratory, Woodside 77, 

N. Y. In cases where duplicate analyses have been 

performed for carbon, hydrogen and chlorine in this depart- 
ment and elsewhere, the results determined in this depart- 
ment were generally in better agreement with the theoretical 
values of the compound. This may in part. be due to the 

use of fresh samples stored in a sealed ampule in a refrig- 
erator, as well as, special interest allotted to handling 

of samples of low robustness. It is essential that the 
number of observed carbonyl stretching bands in the infrared 
spectrum does not exceed the number of predicted bands, 
unless they can be accounted for in terms of isomers. 

For nmr, 50-- 100 mg of the crystalline’ complexes were 
placed directly into an nmr tube attached to a standard- 
taper ground glass joint. These were attached to a vacuum 
system. The required amount of solvent and tetramethylsilane 
(TMS), as the internal standard,were distilled into the nmr 
tube under vacuum. The sample was then frozen in liquid 
nitrogen and the tube sealed off. Volatile, air-sensitive 
solid complexes were sublimed directly into the nmr tube. 
Samples prepared in this manner were stored in liquid 


nitrogen until used. The nmr spectra were recorded on 
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Varian Nuclear Magnetic Resonance Spectrometers, Models 
A-60, 56-60A or HA100. 

The analytical data, color, melting points, infrared 
data and nuclear magnetic resonance data are given in 
Tables VI-XI at the end of the chapter. The melting points 


are uncorrected. 


Chemicals 
The silanes, C1,SiH, MeC1,SiH, Me,C1SiH, Me,SiH, PhoSik., 
PhSil,, PhMeC1SiH, Me (EtO).,SiH, PhC1,Siki etc. have been 


purchased from the following suppliers: Alfa Inorganics, 
Inc., Beverly Mass.; Pierce Chemicals Company, Rockford, 
Berio: COlumoia Organic Chemicals, Co., Inc., Columbia, 
SC; Peninsular Chemresearch Inc., Gainesville, Fla. 

Of the solvents employed, N-pentane, n-hexane andn- 
heptane were Phillips pure grade. Pashersreagent | grade 
dichloromethane was distilled from calcium hydride and used 
within several days. 

Handling of all toxic materials and those possessing 
vile odors such as tetracarbonyl nickel, pentacarbonyl iron, 


and bicyclopentadiene was carried out in the fume hood. 


m-Cyclopentadienylcarbonylnickel Dimer, [CpNi (CO) ].: 





The synthetic method described by King Ss was followed. 
Tetracarbonyl nickel (60 ml., 79 gm. 0.465 mol) was added 


to a 200 ml benzene solution, containing 31.2 gm 
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CpoNi (0.165 mol). As the mixture was heated under gentle 
reflux for five hours, the green color of CpNi turned 

the characteristic blood-red of [CpNi (CO) J... After the 
reaction was complete, the reaction mixture was allowed to 
cool to room temperature. The excess Ni(CO) , and benzene 
were removed at reduced pressure into a -78°C trap. Nitrogen 
was admitted to the flask and the dark residue was extracted 
with 400 - 500 ml of anhydrous diethyl ether in four ali- 
ucts. The combined extract was passed through a 2 cm x 15 
cm alumina column to affect removal of Cp3Ni, (CO) .. The 
column was washed with diethyl ether until all red [CpNi (CO) ], 
was removed. From the combined red solution, diethyl ether 
was removed at reduced pressure leaving a dark red product, 


[CpNi (CO) ].. 


m-Cyclopentadienyldicarbonyliron Dimer, [CpFe(CO).],: 


Portions of this starting material were purchased from 
Strem Chemicals Inc., Danvers, Mass., and portions were 
synthesized using the route described by King Loan A 
mixture of 500 ml dicyclopentadiene (3.8 mol) and 100 ml 
pentacarbonyl iron (146 gm., 0.74 mol) was heated under a 
gentle reflux at atmospheric pressure. The carbon monoxide 
formed in the reaction was allowed to escape through a 


bubbler in the fume hood. The temperature was maintained 


between 135°C to 145°C. When most of the refluxing of 
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Fe (CO). subsided, the reaction mixture was allowed to cool 
to room temperature. A brown-violet, crystalline material 
separated from solution. This was filtered and washed with 
several small portions of pentane, yielding a coarse violet- 
brown, crystalline material which was used in this state of 


purity in further experiments. 


1-Cyclopentadienyltricarbonylchromium, Dimer [CpCr (CO) .],; 
The synthetic method described by King and Stone ae was 

employed. A 500 ml three-neck flask under nitrogen was 

charged with 50 ml diethylene glycol ("diglyme," Ansul 


Ether 141, dried by distillation from LiAlH, at reduced 


4 
pressure) and 1.4 gm sodium metal (0.06 mole). This was 
heated slowly until the sodium metal showed signs of melting. 
At this point, the mixture was vigorously shaken for several 
minutes, which resulted in dispersion of the sodium metal 
into sodium sand. With the reaction vessel cooled to room 
temperature an excess of freshly cracked cyclopentadiene 
(prepared by the method described in this reference) was 
added slowly. After all sodium sand was consumed 8.8 gm of 
Cr (CO) > (0.04 mol) was added and the mixture refluxed 

until very little Cr (CO) ¢ was sublimed into the bottom of 

the condenser. During this reaction Cr (CO) , was scraped back 


into the reaction mixture at regular intervals. The 


resulting yellow solution of Na [Cx (CO) ,Cp]™ was allowed to 


94, 


cool to room temperature. The reaction mixture was then 

treated with 7.2 gm of allyl bromide (0.06 mol), which 

is an exothermic reaction step. The solution turned from 

yellow to dark green. To this 10 ml methanol and then 

200 ml water was added, which precipitated [CpCr (CO) 3], 

and other water insoluble materials. The residue was 

filtered and dried. This was placed under nitrogen into 

a sublimer and heated at 110 - 120°C at a pressure less 

than 0.01 mm mercury. A dark, blue-green material deposited 

on the water cooled probe. The product, [CpCr (CO) .].,, was 

used in this state of purity. 
t-Cyclopentadienylmolybdenumtricarbonyl Dimer, 


[CpMo (CO) t-Cyclopentadienylcobaltdicarbonyl, 


3}2i 
mCpCo (CO) 9; t-Methylcyclopentadienylirondicarbonyl Dimer, 
[mMeC-H,Fe(CO),]5;7...- were purchased from Strem Chemical 


Inc., Danvers, Mass. 


Trichlorosilylmanganesepentacarbonyl, C1,SiMn (CO) 3 


A sample of 3.0 gm Mn (CO) 49 (77commolk) insS. <hénmé 


C1.SiH (excess) was heated at 130 - 140°C until the color 


3 
of the reaction mixture turned from intense orange to pale 
yellow. After the excess C13SiH had been removed, the 
crude crystalline product was transferred into a sublimer 
under a nitrogen atmosphere. Careful exclusion of air is 


necessary at this stage. At room temperature and less than 


0.01 mm mercury pressure, trace amounts of unreacted Mn. (CO) 49 
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were sublimed onto a water-cooled probe. The temperature 
was then raised to 65°C and sublimation was continued onto 


a clean probe. A white crystalline material, Cl SiMn(CO)., 


3 
was deposited. Its yield was 5.07 gm, (15.4 mmol) quanti- 
tative based on Mn (CO) 49 used. A fraction of this: product 
was recrystallized from hot hexane. The coarse,white,cry- 


stals which were deposited at refrigerator temperature had 


a melting point of 130 - 131°C. 


Methyldichlorosilylmanganesepentacarbonyl, MeC15SiMn (CO): 


A mixture of 2.10 gm Mn (CO) 49 (5.4 mmol) and 3 - 4 ml 


MeC1.SiH (excess) was reacted at 135 - 140°C until the 


2 
color of the reaction mixture turned from orange to pale 
yellow. As the Carius tube was cooled coarse white crystals 
precipitated. After the excess MeC1.,SiH was removed, the 
crude crystalline material was transferred under nitrogen 
into a sublimer. At room temperature trace amounts of 
unreacted Mn. (CO), and small quantities of MeC155iMn (CO), 
were deposited onto a water-cooled probe at less than 0.01 
mm mercury pressure. Sublimation was then continued at 

35 - 40°C onto a clean sublimer probe, affording 2.5 gm 


of MecCl SiMn (CO) ; (8.1 mmol, 75% based on Mn, (CO) 49 used). 


2 
This was recrystallized from hexane, yielding a white,coarse, 
crystalline product at refrigerator temperature. Its 


melting point was 93 - 94°C. 
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C1SiMn (CO) ,: 


Dimethylchlorosilylmanganesepentacarbonyl, Me, 





A sample of 2.05 gm Mn, (CO) 49 (S,20 mnoly rn .7 50 mL 
Me,C1SiH (excess) was heated with agitation Fag eal Be dal eae wh axa OE 
the reaction mixture turned from orange to pale yellow. 

The excess Me,C1SiH was removed at reduced pressure, yield- 
ing a pale yellow, cily residue. This was dissolved in 
hexane and filtered under nitrogen. The clear filtrate 

was Slowly cooled to -78°C, affording 2.32 gm of pale 
yellow, crystalline Material, Me ,C1SiMn (CO), to.O3-mNoL, 
77%, based on Mn, (CO) 46 used). After an additional re- 
crystallization its melting point was 45 - 47°C. The 
infrared spectrum indicated the presence of small amounts 
of Mn. (CO) 49 at this stage. The product was then sublimed 
from a Schlenk tube at room temperature onto a -78°C probe 
at less than 0.01 mm mercury (sublimation distance 10 - 

15 cm). The sublimate was recrystallized twice from pentane 
at -78°C. The melting point of the pure product thus 
obtained was 50 - 51°C. 


Trimethylsilylmanganesepentacarbonyl, Me ,SiMn (CO), : 


A solution of 2.06 gm Mn (CO) 49 int 3+-~damid Me ,SiH 


(excess) was heated at 150 - 160°C for 15 hours. Some gray 


and black deposits formed on the wall of the Carius tube, 





* ‘ . 
Mechanical agitation in a heated oil bath is described in 


the experimental section of Chapter IV. 
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indicating partial deccmposition. The excess Me SiH was 
removed at reduced pressure, leaving a dark oily residue. 
This was sublimed directly from the Carius tube at room 
temperature onto a probe cooled with liquid nitrogen. The 
white, crystalline deposit, Me3,SiMn(CO)., was washed from 

the probe with pentane into a Schlenk tube,resulting ina 
clear colorless solution. This was cooled to -78°C slowly, 
affording white,transparent crystals. The melting point 

is 40 - 41°C. From the dark residue 


of these, Me,SiMn (CO) 


3 a he 
left behind in the-Carius tube, 1.1 gm of unreacted 


Mn (CO) 44 was isolated (identified by infrared). 


Pheny lmethylchlorosilylmanganesepentacarbonyl,PhMeC1SiMn(CO);: 





A mixture of 1.5 gm Mn. (CO), 9 (3°35 mmol) “and *FE264+2"1., 8 
mE-PhMeCisin (slight excess)" was heated “at “140°-"150°C until 
the orange reaction mixture turned pale yellow. The viscous 
Orly «reaction product,in the Carius tube, stowly crystallized 
in the refrigerator over a period of two weeks. The removal 
of excess PhMeC1SiH at reduced pressure proved extremely 
slow and was CGiscontinued after several hours. The reaction 
mixture was dissclved in pentane and filtered under nitrogen, 
resulting in a clear colorless solution. Cooling this to 
-78°C precipitated a microcrystalline material. A repeated 
crystallization, by cooling to -20°C, then slowly to -78°C, 


yielded a white,coarse,crystalline product, PhMeC1SiMn(CO),, 
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mp 44 - 45°C, 


Phenyldichlorosilylmanganesepentacarbonyl, PhcCl SiMn (CO), 


2 





A sample of 2.0 gm Mn. (CO) (5.12 mmol) in 4.0 ml 


10 
PhC1.SiH (excess) was heated at 130 - 140°C for six hours. 


2 

During this process two liquid layers formed with the in- 
tense orange Mn. (CO) 49 at the bottom and gas evolved at the 
interphase. The reaction mixture was allowed to cool when 
the appearance of the solution was a uniform pale yellow. 
The excess PhC1,SiH was removed at reduced pressure, which 
proved extremely slow. The residue was extracted with 30- 
35 ml hexane, filtered, and the clear filtrate was allowed 
to cool slowly in the refrigerator. A white crystalline 
material precipitated. An additional recrystallization 


from 20 ml hexane afforded white,transparent crystals, mp 


62 - 64°C. 


Diphenylsilylmanganesepentacarbonyl, Ph HSiMn (CO) .: 


2 
Asami xCure of .2.25°0n Mn (CO) 49 (5.7 83nmo lL): and so. 0e im) 

Ph,SiH, (excess) was heated at 150° for eight hours. Dark 

deposits on the wall of the Carius tube indicated partial 

decomposition. The reaction products were extracted with 

hexane and filtered. The clear, pale yellow filtrate 

was cooled to -78°C, yielding a pale yellow, crystalline 


material. Two additional recrystallizations from pentane 


at -78°C resulted in a white, crystalline product, 
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99. 


Ph,HSiMn(CO),, which had a melting point at 42 - 44°C. 


Bis-u- diphenylsilyl-bis (manganesetetracarbonyl), 


[Ph,SiMn (CO) ,].,: 


The hexane insoluble residue from the foregoing reaction 
was dissolved in a minimum amount cf dichloromethane and 
filtered, resulting in a clear, intensely yellow solution. 
Hexane was Slowly added to the top surface of the dichloro- 
methane filtrate,in such a way that two solvent layers of 
different density remained. As the two solvent layers 
diffused into each other, yellow crystals slowly deposited 
on the wall of the Schlenk tube. These were washed with 
pentane and dried at reduced pressure. The product, 


[Ph,SiMn (CO) decomposes slowly above 215°C. 


ala: 
Trichloresilylrheniumpentacarbonyl, C1,SiRe(CO),: 


A mixture of 1.0 gm Re, (CO) 49 (1.53 mmol) and 1.0 ml 


C1.SiH (excess) was heated at 160°C for eight hours during 


3 
which time the colorless solution attained a slightly 

yellow appearance. Cooling the Carius tube to room temper- 
ature crystallized a white product from the reaction 
mixture. After excess C1,SiH was removed at reduced 
pressure, the crude crystalline product, C1,SiRe(CO)., 

(1.41 gm, 3.06 mmol, quantitative based on Re, (CO) 19 used) 
was dissolved in hot hexane, filtered and the clear solution 


was allowed to cool slowly in the refrigerator. Coarse, 


white crystals formed,which had a melting point of 169.0- 
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100. 


nov. C... The solubility of C1,SiRe (CO), was approximately 
450 mg per 100 ml in warm hexane. Sublimation can be 
effected at 45 - 50°C and a pressure less than 0.01 mm 


mercury. 


Methyldichlorosilylrheniumpentacarbonyl, MeCl 


—_ — 


9SiRe(CO).: 


A solution’ of 1.0° om Re, (CO) 44 (loo mal) an=i 0 mi 
MeC1,Sik (excess) was heated at 160°C for five hours during 
which the colorless transparent solution turned very pale 
yellow. This reaction temperature was apparently too 


drastic for the formation of cnly MeC1.SiRe (CO) as 


5! 
indicated by a complex infrared spectrum of the crude 
reaction product. Unidentified products of side reactions 
were formed in very low yields. The crude crystalline 
reaction product was washed with 30 ml of cold hexane. 

The remaining crystalline material was dissolved in warm 
hexane, filtered and the clear solution was cooled in 

the refrigeratcr, affording 0.6 gm MeC1,SiRe(CO),. Its 
melting point after an additional recrystallization from 
pentane was 118 - 120°C. 


Dimethylchlorcsilylrheniumpentacarbonyl, Me,C1SiRe (CO) ,: 


A sample of 1.06 gm Re, (CO) 49 CEPGe mat iit S84 = 0 
ml Me,C1SiH was heated at 150°C for 55 hours,during which 
time no change in color was apparent. The infrared 


spectrum of the crude reaction product indicated the pre- 


sence of trace amounts of unreacted Re, (CO) j9- After 
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removal of the excess Me,C1SiH, the crude product was 
sublimed at room temperature onto a -78°C probe at less 
than 0.01 mm mercury pressure, resulting in the deposit 
of a white powdery material. This was washed into 30 ml 
pentane giving a clear, colorless solution. Stepwise 
cooling to -78° afforded huge, white crystals of the 


product, Me C1SiRe(CO),, Mieco edo, INS tinal product 


2 


appeared to contain trace amounts of MeCl SiRe(CO)., 


2 
indicated by the presence of a very weak band in the 
infrared spectrum at the position of the most intense 
carbonyl band of this compound. Repeated recrystal- 


lizations and sublimations did not improve the purity of 


this complex appreciably. 


Trimethylsilylrheniumpentacarbonyl, Me SiRe (CO) _: 


3 
Asmixture -of .1.06 -gm Re, (CO) 19 fh o2 nmol) > .3..8 smd 
Me SiH (excess) and 3.0 ml hexane were heated at 160°C for 
fe nouns. After excess Me ,SiH and hexane were removed at 
reduced pressure, the residue was extracted with 40 ml 
hexane, filtered and then the filtrate was slowly cooled to 
-78°C, yielding a white, crystalline solid. This was sub- 
limed froma Schlenk tube at room temperature onto a -78°C 
probe at less than 0.01 mm mercury pressure. The sublimate 
was washed into a Schlenk tube using 40 ml pentane. At 


-78°C a white product crystallized from the colorless solu- 
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tion. The melting point of Me SiRe (CO), $9454) =~552C. 


3 


Trichlorosilyl-1-cyclopentadienylirondicarbonyl, 
C1,SiFe (CO) ,Cp: 
The reaction of [CpFe (CO) .], and C1,SiH, the character- 


ization of the products and their properties are described 


in Chapter IV. 


Methyldichlorosilyl-1-cyclopentadienylirondicarbonyl, 
MeC1,SiFe (CO) ,Cp: 


A sample of 1.5 gm [CpFe (CO) 5] (4.23 mmol) in 1.0 ml 


2 
MeC1.,SiH (excess) was heated at 130°C until the CoOLOV LOL 
the reaction mixture changed from brown to cream-yellow. 
After the excess MeC1.SiH was removed,the residue was 
extracted with pentane andsfiitered. The filtrate, a clear, 
yellow solution was slowly cooled, yielding 0.96 gm of 


yellow crystals, MeCl SiFe (CO) Cp (3.3 mmol, 39% based on 


2 
[CpFe (CO) .], employed). The melting point shortly after 
crystallization was 98 - 101°C. The infrared spectrum 
showed four relatively strong carbonyl stretching bands, 
Fig. 25. A repeated melting point several hours after 
isolation of this material was between 45 - 100°C. 
Repeated crystallization and sublimation did not alter 
the infrared spectrum, and the melting point was again 


between 99 - 102°C, if taken within 30 minutes after iso- 


lation of the crystalline material from a cold source. 
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The molecular weight was determined osmometrically to be 


294; the calculated value for MeCl SiFe (CO) ,Cp £2 Alen'The 


2 


Mass determination of the molecular ion on a MSI mass 


spectrometer was 289.9028; the calculated value for 


ee ae , 
CoH,0, Fe “Si Cl. BS rege 29026. 
Dimethylchlorosilyl-1-cyclopentadienylirondicarbonyl, 


Me,C1SiFe (CO) ,Cp: 


A mixture of 2.0 gm [CpFe (CO) ,], (5.65 mmol) and 6.0 mi 
Me,C1SiH (excess) was heated at 140°C until the reddish- 
brown color of [CpFe (CO) 5], changed to yellow. Some decom- 
position was indicated by the presence of insoluble gray 
material in the reaction mixture. After the excess 
Me,C1SiH had been removed, the residue was extracted with 
hexane, filtered, and the clear yellow filtrate was then 
eootedetot-—78°Craffordingweacpalesyellowy; isticky,dcerystal- 
line material melting at 82 - 85°C. After some time had 


elapsed with the crystals at room temperature under nitrogen, 


the melting point tended to be lower and broad. 


Trimethylsilyl-1-cyclopentadienylirondicarbonyl, 


Me SiFe (CO) .Cp: 


3 


A solution of 2.0 gm [CpFe (CO) (5.65 mmol) in 3.0 ml 


2)2 


Me.SiH (excess) and 3.0 ml hexane was heated at 160°C for 


30 hours. The reaction mixture turned from reddish-brown 


to light brown with some gray deposits. After the volatile 
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104. 


components, excess Me ,SiH and hexane were drawn offiat 
reduced pressure, the residue was sublimed at room temper- 
ature onto a -78°C probe ae less than 0.01 mm mercury 
pressure. The resulting pale-yellow, crystalline material 
was washed into 40 ml pentane. The clear, pale-yellow 
solution was cooled te —78°C, yielding a yellow, crystalline 
material. After two additional recrystallizations from 
Pencane at —/3°C, the pale-yellow,sticky product 


Mesotre (CO) Co had a melting point of 55. - 58°c. 
Z 


) 


Phenyldichlorosilyl-1~-cyclopentadienylirondicarbonyl, 


Phcl SiFe (CO) ,Cp: 


2 


A sample of 2.0 gm [CpFe (CO) 4] , oocmmol) wn 3.0 mL 


” 


PhCl.SiH (excess) was heated at 130°C forsix hours during 
which time the reddish-brown mixture turned pale-yellow. 


An attempt to draw off the excess PhC1.SiH at reduced pre- 


Z 
sure failed, because of the low vapour pressure of Phcl.,Sil. 
The reaction mixture was extracted with pentane and 
filtered. The clear, pale-yellow filtrate was allowed 

to cool slowly in the refrigerator, which resulted in the 
formation of a yellow, crystalline product, PhC1,SiFe (CO) 5Cp. 


After an additional recrystallization at similar conditions 


its melting point was 81 - 83°C. 
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105. 


Phenylmethylchlorosilyl-1-cyclopentadienylirondicarbonyl, 


PhMeC1SiFe (CO) ,Cp: 


A mixture of 3.03 gm [CpFe (CO) ,], (8.55 mmol) and 5.0 
ml PhMeC1SiH (excess) was heated at 140°C until the reddish- 
brown mixture turned sition The combined oily mater- 
ial was extracted with hexane, filtered, and the clear 
filtrate was slowly cooled to -78°C, resulting in a product 


contaminated with unreacted [CpFe (CO) 5] This mixture was 


Pe 
sublimed at 50°C onto a water cooled probe at less than 

0.01 mm mercury pressure. The sublimate was recrystallized 
twice in minimum amounts of pentane. The resulting yellow, 


crystalline product PhMeC1SiFe (CO) ,Cp had a melting point 


om S0vsedl C2 


Triphenylsilyl-1t-cyclopentadienylirondicarbonyl, 


Ph,SiFe (CO) ,Cp: 


A mixture of 4.5 gm [CpFe (CO) 5] C12 7 mMOL), 5 os oe 


2 


Ph,SiH (30.2 mmol) and 5 ml benzene was heated at 140°c for 


= 
five days. The reddish-brown color of the reaction:mixture 


showed no appreciable change. This was extracted with hot 
hexane and filtered. Cooling slowly in the refrigerator 
deposited yellow and reddish-brown crystals (apparently 


Ph SiFe (CO) ,Cp and [CpFe (CO) respectively). This was 


3 2!2 
dissolved in a minimum volume of 1:1 mixture of benzene- 


hexane and passed through a 2 cm x 5 cm column of Florisil 


~~ eo y 
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106. 


made up in 1:1 benzene-hexane solution. The yellow product 
passed rapidly through the column while the reddish-brown 
layer remained in the top 2 cm of Florisil. The solvent 
was removed from the benzene-hexane eluent,leaving a yellow 
crystalline material. This was recrystallized from a mini- 


mum volume of hot hexane. The product, Ph SiFe(CO).Cp, 


3 
which crystallized at refrigerator temperature, had a melt- 


mr roLnt Of “50 — L6u'c. 


Diphenylsilyl-1t-cyclopentadienylirondicarbonyl, 


Ph,HSiFe (CO) Cp: 


h—a01ution-of 2.03..gm [CpFe (CO) 5], a) no Lyin 3. Te 
Ph,Si, (excess) and 5.0 ml benzene was heated at 140°C for 
20 hours. The color of the reaction mixture turned from 
reddish-brown to yellow and the infrared spectrum showed no 
bands due to bridging carbon monoxides. The crude material 
was extracted with hexane and filtered. The clear yellow 
filtrate was slowly cooled in the refrigerator, affording 
a yellow crystalline product, Ph HSiFe (CO) Cp. After an 


additional recrystallization its melting point was 94 - 


260% 


Silyl-1-cyclopentadienylirondicarbonyl, H,SiFe(CO).Cp: 





A mixture of 3.25 gm [CpFe (CO) ], (9.18 mmol) and 10 ml 


PhSiH., (excess) was heated at 135°C for 72 hours, during which 


3 
the reddish-brown mixture turned light-brown. The excess 
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PhSil, was removed at reduced pressure. The semisolid 
crystalline residue was placed into a sublimer. Overa 
period of approximately ten days, a pale-yellow product 
was deposited in the cold trap at -78°C. No noticeable 
quantities of any materials were observed on the water- 
cooled probe at these conditions. This light yellow 
material was recrystallized from pentane at -78°C, yield- 
ing a coarse yellow crystalline product with a melting 


Seen. Of sf =. 16°C. 


Phenylsilyl-1-cyclopentadienylirondicarbonyl, 
PhH.,SiFe (CO) Cp: 

The oily residue from the above reaction was dissolved 
in pentane and filtered. The clear yellow solution was 
Slowly cooled to -78°C, affording a yellow crystalline pro- 
auct; PhH.SiFe (CO) Cp. After an additional recrystalliza- 


tion at similar conditions, its melting point was 45 - 47°C. 


Methyldiethoxysilyl-1t-cyclopentadienylirondicarbonyl, 


Me (EtO) ,SiFe (CO) Cp: 


This reaction was carried out in a 100 ml thick-walled 
Pyrex pressure vessel, cappable bottle with crown top to 
accept a perforated. bottle cap, over a self-sealing rubber 
liner (Labglass Inc., LG-3921 and LG-3922)’. A needle 
penetrating the seal allowed a constant check on the inter- 
nal pressure by a gauge attached to the needle. 


The reaction vessel was charged with 5.0 gm [CpFe (CO) 5], 
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63.44.:1. mmol) and 15 ml of Me (EtO) ,SiH (excess), sealed and 
heated at reflux (pressure maintained below 50 psi) for 15 
hours. Some gas was allowed to escape at regular intervals 
as the pressure Slowly built up above 50 psi. The com- 
bined mixture was distilled at reduced pressure through a 
2-inch fractionating column containing glass helices. At 
room temperature, most of Me (EtO) ,SiH distilled. The 
fraction distilling at 40°C was collected, diluted with 
pentane, and slowly cooled at -78°C. A pale-yellow crystal- 
line material formed. After an additional recrystallization 
at similar conditions, the solvent was removed. The pro- 


Buct., Me (EtO) ,SiFe(CO).,Cp, wasa liquid at room temperature. 


Bis-trichlorosilylirontetracarbonyl, (C1,Si) ,Fe (CO) y: 


Method A. 

| A mixture of 1.0 gm Fe (CO) 45 (2.0 mmol) and 1.6 ml 
C1,SiH (excess) was heated at 75°C until all Fe, (CO) 45 was 
consumed,as indicated by the change in color of the reaction 
mixture from dark green to yellow. After excess C1,SiH was 
removed, the crude sample was sublimed at room temperature 
onto a water-cooled probe at less than 0.01 mm mercury 
pressure. The pale-green crystalline material thus 
obtained was recrystallized from hot hexane to afford a 


white crystalline product, (C1,Si),Fe(CO) 4, melting point 


96 . OT 
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Method B 

A solution of 5.0 ml Fe (CO), (37 mmol) and 5.0 ml 
C13SiH (excess) was heated at 140°C for 20 hours. The 
appearance of the reaction mixture seemed unchanged, 
however slow cooling in the refrigerator precipitated a 
white crystalline material. After the excess C1,SiH was 
removed, the isolation and purification of Method A was 
followed. The infrared spectrum of the crude reaction 


product indicated the presence of small quantities of 


[Cl,SiFe (CO) ,],- 


Bee Secaetisross poi be irontettadartony1)s, [Cl,SiFe (CO) ,],: 
Method A 

Pees bis Oo Ot 2 Oe mm). Fe (CO) . (14.9 mnol) and 1.7 - 1.8 
ml C1,SiH ¢17-5-mmol) “was-heated~at—170°C-for—15- hours.- A 
cream-colored powdery material precipitated from solution. 
After the excess C1,SiH was removed, the crude material was 
sublimed at room nen St ye! and less than 0.01 mm mercury. 
At these conditions small quantities of (C1,Si) Fe (CO) , were 
deposited onto the water-cooled probe. With all 
(C1,Si) ,Fe (CO) , removed, sublimation was continued at 
60°C, yielding a faintly yellow crystalline material. This 
was dissoived in a small quantity of dichloromethane and 
filtered. Hexane was slowly added to the clear filtrate 
until the solution became turbid. This was allowed to cool 


in the refrigerator, resulting in the precipitation of a 
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faintly yellow crystalline product, [Cl.SiFe (CO) 9! which 


4! 
decomposes above 200°C. 
Method B 

A mixture of 1.0 gm Fe (CO), > (2.0 mmol) and 1.0 ml 


C1,SiH (10 mmol) was heated at 160°C for 24 hours. As the 


3 
reaction mixture was allowed to cool to room temperature 
large crystals formed in the reaction mixture. One of the 
large crystals was isolated. Its infrared spectrum in the 
carbonyl stretching region was identical to that of 
[Cl,SiFe (CO) ,].,. The complex decomposes above 200°C. For 


the isolation and purification of the bulk of the crude 


material the same procedure as in Method A was employed. 


Bis-(methyldichlorosilyl) irontetracarbonyl, (MeC1,Si) Fe (CO) ,: 


A sample of 4.0 gm Fe, (CO) ,5 (74.9 mmol) in 6.0 ml 


MeCl1.SiH (excess) was heated at 85°C until the reaction mix- 


2 
ture turned from green to yellow-brown. After the excess 
MeC1,SiH was removed, the viscous oily material was washed 
with pentane into a sublimer. The solvent was removed at 
reduced pressure and the residue sublimed at 50°C onto a 
-78°C probe at less than 0.01 mm mercury pressure. Subli- 


mation was repeated twice at 40°C. The resulting sticky, 


semisolid crystals had a melting point of 105 - 107°C. 
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Trichlorosilyl-1-cyclopentadienylchromiumtricarbonyl, 





C1,SiCr (CO) ,Cp and Dichlorosilyl-t-cyclopentadienylchromium- 





tricarbonyl, Cl HCr (CO) Cp: 


2 


A mixture of 1.21 gm (CpCr (CO) 3] (3.0 mmol) and 10 ml 


2 
C1,SiH was heated at 120°C for three days, during which time . 
dark green material precipitated. After the excess C1,SiH | 
was removed the residue was extracted with several aliquots 
of hot hexane. The combined colorless, clear filtrate was 
cooled to -78°C, resulting in a white,fine,crystalline pro- 
duct. This was slowly sublimed at room temperature onto a 
water cooled probe at less than 0.01 mm mercury pressure. 

The faintly green crystalline deposit had a melting point 

of 120 -— 132°C... Its infrared spectrum in the carbonyl 
stretching region showed six bands of medium to strong inten- 
Sity. Three of these were relatively sharp while the 
remaining three were somewhat broader. The sharp bands 


at 2028 cmt, 1972 cm + and 1952 cm + were assigned to 


£ 


C1,SiCr(CO) ,cp, while the broader bands at 2021 cm ~, 1962 


3 
cm + and 1938 cm + were assigned to Cl,HSiCr(CO),Cp. The 
mass spectrum of this mixture, given in Table XXV, Chapter VI, 
show the parent ions and breakdown framentation for both 
C1,SiCr (CO) ,Cp and C1,HSiCr (CO) Cp. Attempts at separation 
were unsuccessful,since these complexes tend to decompose 


rapidly in solution. 
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Trichlorosilyl-1-cyclopentadienylmolybdenumtricarbonyl, 


C13S5iMo (CO) 3Cp: 
The reaction of [CpMo (CO) 3], and C1 ,SiH is described in 


Chapter IV. 


Methyldichlorosilyl-1-cyclopentadienylmolybdenumtricarbonyl, 


MeC1l SiMo (CO) ,Cp: 


im 


A sample of 2.0 gm [CpMo (CO) ,] (4..c mmol) an .2.. 0. mi 


2 
MeC1,SiH (excess). was heated at 125°C until the reddish-brown 


material turned into an oily brown substance. After removal 


2 


into a sublimer. The solvent was evaporated and the residue 


of the excess MeC1.SiH, the residue was washed with pentane 


was sublimed at 50°C onto a water-cooled probe at less than 
0.01 mm mercury pressure. The cream-colored crystalline 


sublimate of MeCl SiMo (CO) ,Cp (2.0 gm, 5.6 mmol, 68% based 


P 


on [CpMo (CO) employed) had a melting point at 99 - 101°C. 


312 
Trichlorosilyl-1t-cyclopentadienylnickelcarbonyl, 


C1.SiNi (CO) Cp: 


3 
A mixture of 1.5 gm [CpNi (CO) ], (4.9 mmol) and 2.0 ml 
C1,SiH (excess) was warmed in a water bath at 40 - 50°C for 
three hours,during which the Sark ured mixture became very 
viscous. After the excess C1,S5iH was removed, the unattrac- 


tive oily residue was washed with pentane into a sublimer. 


The solvent was slowly pumped off at low vacuum and the 
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oily residue was sublimed at room temperature onto a water- 
cooled probe at less than 0.01 mm mercury pressure. The 


coarse, red,crystalline product, C1.SiNi(CO)Cp, after an 


a 
additional sublimation, had a melting point of 38 - 40°C. 


Bis-trichlorosilyl-1-cyclopentadienylcobaltcarbonyl, 
(C1,Si) ,Co (CO) Cp: 

A solution of 2.0 mil CpCo (CO), f15 (3 mnie L} and.7-0 mi 
C1,SiH (excess) was heated at 110°C for five hours, during 
which the reaction mixture turned from a dark brown liquid 
to a black semisolid. After the excess C1,S1iH was removed, 
some additional liquid of low volatility and pale-yellow 
crystals were trapped at -78°C. The residue was sublimed 
at 110°C onto a water-cooled probe at less than 0.01 mm 
mercury pressure. The microcrystalline sublimate was 
washed with two small aliquots of pentane and resublimed at 
Similar conditions. The cream-colored, fine, crystalline 


product, (C1,Si) ,Co(CO)Cp, decomposed above 210°C. 


Trichlorosilylcobalttetracarbonyl, C1,SiCo(CO) ,: 


The pale yellow, crystalline material that was trapped 
out at -78°C in the above reaction was recrystallized twice 
from pentane at =7840;, affording an air-sensitive crystal- 
line product, C1,SiCo(CO) 4. Its infrared spectrum shows 
three relatively strong carbonyl stretching bands at 2117, 
2062 and 2037 cm. (Reported values in ref. 64 for 
a) 


C1,SiCo(CO), are 2117, 2062. and 2037 cm 


3 





















> 


visyeanss mooy Js Sbutidve ssw Ssubiaes ya > 
par: 

Vayronem am 10,0 tims 2eei t6-edorg ps 50D 

: © 205 sae 


~S7 oo OG nee, [9 jopboxy enilisaeys9 Bex, 521509; 
 onition 4, bed 100i Le IsnoitiB) 


21 yu ibetneeoters this bees Siam + 


— Me -- —— A gS oily 


16 (00) 





= 


» (O9}o0o0D far 0. s to net: tuloe Kg 
. eae 


bLi Si badnek PAW (ea a0xe)/ HEE rhe 


i 


ara rude bem toitoeg% ects - 


ait teeta «Gi tyne tosid 5 = 

= =3 it Py 
me Seto wal +9 bivpist fenols tea > 
; | ae a es. 

ati eubies? eff .O°8T— Be; pogass3 Stew aistey® 


2a 


ote hbeloos- tatew ‘8 ofn10° 3° OL Z 
Jomiivee ogi lingsyrsoIs ie eat ’ ae 


rod 
sineq Io esoupiis fTsme ows. “Ag iw: ‘ 


: sé? Sexroloo-mesio sit. - enol tibne’ ist nLe 
- hae oh 


YMrOLS aveds heeo oar 192105) 095 (Bg 19). 


| | os 


ie Nac haa _burodtioexsads tadodiy ten 












. 9 





» 7 


co Pe Po tae ie oa ce - . 


diate Se 2 aD BEPae ee Crates a Seg 


oe , 








bar 7 . ‘te is Act he 
: 4 


SqTUM PP-ZP © (99) untsH¢ 


114. 
I 
Ta) 
a) 
sa) 
) 
ee) 

e 
aa 
Ta) 

l 

o 
fon 
N 
~ 
fon 

. 
ag 
To 


Ud 


CEG OT SE oP cc It " TESOL DE cP OLM Ey Pea Tuma isy—-p7 5 (99) uWTSTOSeHUd 


VOGT 6P°TOZPIGED( TT*6T 9E*TSO09°SET SaTUM °79-Z9 (OD -WOosUMmeemoue 

Sc Ob" EePOeEZOr se°e Zz zbooMPTIeSatuM@Tgs-f5 S (99) euts* ow 
cL°@ «IGT €9°6T «Ph'S «PRTT €0°0Z e3TUM gs-ss 7 (o00)euTSTOSeW 
0S°OT $6°0 99°OT OT'9T 69°0 LE°9T 83TUM OZT-6TT %(00)euTS*TOEH 
90°EZ 00°O Z6°ZT GO'EZ 0070 VOTET S3TUM OLT-69T S (99) euts*To 

2°t petetec*se cS" E Be Orcence tesatun-(7y-oF S (99) unts* ew 
c6°ZT SO°Z BT°6Z BZ°ZT OT'Z ET*6Z E3TUM TS-0s  %(od)uWTSTO° eH 
06°22 66°0 ST°EZ PE'zzZ 86°O zZE°EZ SATUM PEe-e6 7 (00) UNTS“ TOON 
6L°TE 00°O E8°8T Bz°ZE 00°0 EZ°8T 84TUM TET-OET S (99) unts* To 

Fe H 9 HO Hee es zopenager dow punoduod ~ 





SOATZCATIOG wNTUsYATATTS pue 






asouebuewTtATts JO squtTog Hutatew pue sAzOTOD “e3ed TeoTzATeuy 


IA AIaVvL 


URS 


- €8°S Poor -~ - Ge°g op°9p “MOTTOA ‘“bTT do® (09) © (038) ew 
08°6 LEE BS°0S 99°0T PE°E §S°0G MOTTEX Ts-0g do° (0d) eatsTOeWUa 


89°LT TO'E LE*HY 80°0% GB8°Z @Z*HY MOTTAeX eg-1tg do*(oo)eats*ToUa 


- Teh 00°0L - 729°) T8°89 MoTTeA o9T-sst do° (op) eats*ua 
- TL°P bred ~~ gp-r PE°E9 MOTIEX 96-76. —do° (od) eaTSH ua 
rider. Gis Ge - €S°F 6L°PS MOTTeEX zp-sp do“ (00) eats° Hua 
= TEE Ge Or @ - ™ Leh e eir-ey BMOTTeA afeis do* (00) eats*# 
OP 8FS Gz L7 -  ¥79°S TO°8y MOTTeA gg-G¢ do* (09) eats* ow 


PI°ELT OTP SO°OP OTTET OT*P G6°6E MOTTOA gg-zg  do%(o9)eatsto°ow 





QL°GE P6°Z.EO°EE LE*PZ LL° ZO"EE MOTTE zoT-66. do (00)eats°ToeH 
(o Ts icc Ob fe. Sire cot Vole WOTies 0c eza da* (09) eats*T9 
ote wi 5 Toe one a BOO) FF Ded punoduio5 





SSATIEATA9q UOATTATTS FO sqZUTOgG HbuTATeW pue sAOTOD ‘ejzeq TeoTZATeUY 


IIIA wTaVvL 





- pea 
lid 
ree 
iS 








“S . - -3eiodD >°*°. 6 


O@.f¢ £6,5 GLAS. Eh.be £d.t OO,KS wo Lay CC£=8S.0 * oy “ena 
. ra ng 
SOf-e . 2. (09) 1a 


* r ~ . ¢ 


G 
: eo 
. « e 
‘ s - ® 


mM 
pt 
wy 
v4 
hed 
“4 
er 
a 
‘ 
aes | 
(* 
my 
= 
? 
i) 
© 
‘i 
oy 
e 
m™ 


7 Sf ET Of & £9.06 7.6 @¢ b FO ee oifey -€8-S4 gq. "(ooke : 
: , Bea 
- he . : . h 4 Ps J bs ~ , eS a s -<¢ c 3. (OD): * J < 
y Oh wal Lay, Bee 22 ¢ (00) af 
a 
} a r¢ DLS Y. -\e ie qe (OD) oe ao 
g qo, (Oo) 8% 
: : _" 7 
F : = . ; 2° 
wolts’ baler ) |) gal 
Fy \ ? a 
: ; A =e wo) © TL 
a0 # m : es: 
s et JD) 9e aa 
eo 2. (oa 
3 oe [a 
4 rs 


nae ae 
TABLE VILLI 


Analytical Data, Colors and Melting Points of Silyl Transition Metal 


Derivatives 
Calculated % Found % 
Compound Meer CU .-Calor C H Cl C H Cl 
[Ph,SiMn (CO) ,], ae2i5 yellow 852102 . 89 _ Bae fs 0 ~ 
; pale 
[Cl.SiFe (CO) ,]. d<200 yal Pow meson. l0meoe oy L7. 6120729 24.09 
(C1351) Fe (CO) , 96-97 white Piel sO 460.00 Ll ol seo. ole 4824 


(MeC1.Si) Fe(CO) , 105-107 white Tails So .de le. oe 1.60. 35.67 


C1,SiMo(CO) Cp A=) 5) cream =~ 252520) 933"26202 25.5251.32 28.40 
MeC1,SiMo(CO) Cp 99-101 cream 30.10 2.25 19.75 30.15 2.72 19.61 
Me.SiMo (CO) ,Cp d<68 Biome Miebi@4misa.c 41.5% 5.56 = 
C13,SiCr (CO) 3Cp i white - - - - ~ - 
HC1,Sicr (CO) ,Cp white = F- z = x = 
C1,SiNi (CO) Cp 38-40 red BSc learGu37n15 25.0761.74 36.29 


(C151) Co (CO) Cp d<210 cream el ae de eh ly ees Lio eee wee 


pale 


Et yellow 


351C0 (CO) 4 


a. Isolated as inseparable mixture, characterized mass spectro- 


metrically. 
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CHAPTER IV 


The Thermal Reaction of Trichlorosilane and m-Cyclopenta- 
dienylirondicarbonyl Dimer; Properties of Products and 


Preparations of Derivatives. 


Introduction 

There are innumerable cases in chemistry where the 
same reactants yield different products at different reaction 
conditions, and it is of interest to mention several recent 
examples in the metal carbonyl field. Products such as 


R,GeFe, (CO) [R,GeFe (CO) ,], (R,Ge) 5Fe, (CO) 5 and 


(R,Ge) ,Fe, (CO) gi (R-= Me or Ph) are obtained from reactions 


27 


of R,GeH and Fe, (CO), or a pa -. The successive loss 


2 


of carbon monoxides, which are replaced by germanium-iron 
bonds, appears to occur in steps at different rates. 


The reaction of Fe (CO), and Bu,sncl yields several 


products, depending on the reaction conditions Dk Fast 


reflux for 70 hours yields Sn [Fe (CO) 4], as the final product. 
At milder conditions, [Bu,SnFe (CO) ,]5, as well as 


Bu,Sn Fe, (CO) 46 are isolated. 


3 


In the reaction of Na [Co (CO) 4]7 and (Acac) ,SnCl, it 


was discovered that the rate of addition of the carbonyl 


anion determined the final product ee TERE Fast addition 


of Na[Co(CO) 4]7 to Acac,SnCl, yields (Acac) ,SnCo, (CO) 2 


Zz 
whereas slow addition of NA[Co(CO) 417 yields (Acac) ,SnCo, (CO) 9. 


From the reaction of C1,SiH and [CpFe (CO) 5], several 
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products may be isolated over a range of reaction con- 
ditions. These are studied in the present Chapter. Most 


of the thermal reactions of Me C1 Sik with dinuclear 


3-A 
carbonyl complexes described in Chapter III wield only 
one product,which generally is the analog of the final 
and most stable product from the reaction of C1.SiH and 
[CpFe (CO) ,],- These reactions may also perhaps proceed by 
a complex array of reaction paths through numerous inter- 
mediates, but their formation would be slower than their 
subsequent conversion to the final product. 

The order in which the results are presented in the 
following section is aimed at familiarizing the reader 
first with the diverse nature of the products and their 
characterization. Speculative suggestions about the 


mode of reaction and reasonable explanations for observed 


spectroscopic results are put forward throughout the text. 
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RESULTS AND DISCUSSION 


‘ 


Over a range of reaction conditions t-cyclopenta- 
dienylirondicarbonyl dimer and trichlorosilane yield 
several silyl-iron carbonyl derivatives. The products thus 


far isolated are shown below: 


Fe Fe 
a ils Sig Nae 
oC ogiOSGe Cig Sic 
351 SiClg 

42 ae 


Semeeome OC | SIC 


CO SICl2 
rae 
: 
e [i 
ane yal 
SSM co arp 
CO 
45 
lt 


In these molecules the ligands surrounding the iron atoms 
are arranged in a distorted tetrahedral fashion (neglecting 


for the moment the hydrogen ligand in 43) in which the 
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cyclopentadienyl ring occupies one of the apexes. 


i he Properties and Characterization 
Complexes 42 - 45 display a wide range of physical 


and chemical properties. Compound 42, Cl SiFe (CO) ,Cp is 


2 
covalent, thermally very stable and does not undergo any 
further reaction with C1 SiH at temperatures up to 180°C. 
Compound 43, (C1,Si) HFe (CO) Cp is covalent in nonpolar 
solvents such as pentane, hexane or heptane but in donor 
organic solvents,such as acetonitrile or acetone, this 
hydride undergoes partial or complete ionic dissociation 
as a strong acid. Compound 44, [CpFe (CO) 41” [ (C1,Si) ,Fe (CO) 
Cp] is ionic and sparingly soluble in dichloromethane; 
however, in acetonitrile or acetone the compound is very 
soluble and nearly totally dissociated. Compound 45, 


[CpFe (CO) ,] FeCl, is ionic and insoluble in dichloro- 


methane. It dissolves in acetone but decomposes rapidly 
in solution. The survival of these products in the 
reaction mixture may in part be due to these properties. 


With Ph ,AsCl in a polar medium the hydrogen on the 


iron atom in (C1,Si) ,HFe(CO)Cp, may be replaced by the 


bulky cation, Ph,As", yielding Ph,As’ [(C1,Si) ,Fe(CO)Cp]”. 


(C1,Si) HFe (CO)Cp + Ph,Ascl > Ph AS [(C1,Si) ,Fe (CO)Cp]” 


4 
+ HCL [LVs.1] 
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If the reaction is carried out in acetone, then the product 
may immediately be extracted with dichloromethane after 
removal of the acetone at reduced pressure. The reaction 
of [CpFe (CO) 31" [(C1,Si) ,Fe(CO) cp], 44, with Ph, AsCl in 
acetone yields C1Fe (CO) ,Cp and Ph,AS[(C1,Si),Fe(CO)Cp]”. 


This reaction is relatively slow and requires approximately 


‘[epFe (CO) ,]” [ (C1,8i) ,Fe (CO) Cp] + Ph,AsCl + 


Ph ,AS[(C1,Si),Fe(CO)Cp]” + ClFe(CO)Cp + CO [IV.2] 
one hour at room temperature for the evolution of carbon 
monoxide to cease. Since both reactants in equation IV.1 
are dissociated,then the formation of Ph, AS [(C1,Si) ,Fe (CO)Cp] 
is a metathetical ionic reaction, and hydrogen chloride is 
eliminated with the reaction solvent. In the formation of 
ClFe(CO),Cp, however, carbon monoxide must be eliminated 


prior to the formation of the iron-chlorine bond: 


[CpFe (CO) .]*c17 + ClFe (CO) ,Cp + CO Prvecs 


If the red colored C1Fe (CO) Cp is stirred in the presence 


of NaBPh, under carbon monoxide pressure, the reverse pro- 


4 
cess takes place oe If the yellow [CpFe (CO) 3] "BPh,” is 
stirred at room temperature in the presence of Ph,AsCl, 


the solution turns slowly red with evolution of carbon 


monoxide: 


4 
[Iv.4] 


“CO pressure 


C1Fe (CO) ,Cp + NaBPh, [CpFe (CO) ,] -BPh 
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A 


+ 
[CpFe (CO) ,]BPh, + Ph,AsCl + ClFe (CO) .cp + Ph 


AsBPh 


4 4 


+ CO [Iv.5] 


vie Infrared Spectra 

Of particular interest are the carbon monoxide stretch- 
gpoe Lrequencies ;relative: to’ the charge .on,the species. A 
high electron density on the molecule will partly be trans- 
mitted into the carbon monoxide antibonding orbitals and 
shift the carbon monoxide vibrations to lower frequencies. 
This is clearly demonstrated by the isoelectronic series; 


Ni(cO),, [@o(co)-]- end fre(CcO)"1-, which has been pointed 
4 4 


4 
out in Chapters I and II. For comparison of relative 
frequencies of the carbonyl stretching vibrations, the in- 
frared spectra of (C151) ,HFe (CO) Cp, 43, in the undissoci- 
ated and dissociated form, Ph, As" [(C1,Si)Fe(CO)Cp]”, 
[CpFe (CO) ,]° [(C1,Si) ,Fe(Co)Cp]”, 44, and [CpFe (CO) ,]*FeCl,, 
45, are shown on the same scale in Fig. 46 - 50. 

The spectra of (C151) ,HFe (CO)Cp, in the undissoci- 


ated form in hexane and dissociated form in acetone are 


shown in Fig. 46 and 47 respectively. 


| I + 
Fe. t+] solvent ———— Fe + [Solvent-H] 
oc“ oc“ | “sc 
Cl3Si SICl3 SICIZ 


43 46 [LY .5 
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Figure 464 
(C1,Si) ,HFe(CO)Cp 


in Hexane 


Figure 47 
(C1,Si) ,HFe (CO) Cp 


in Acetone 


Figure 48 
4 - 
[Ph,As] [(C1,Si) ,Fe (CO) Cp] 


in Acetone 


Figure 49 
[CpFe (CO) 31° [ (C18) Fe (CO)Cp]~ 


in Acetone 


Figure 50 
[CpFe (CO) 3] "[Fec1,]7 


in Acetone 
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The electrons which no longer are involved in the iron- 
hydrogen bond upon dissociation, cause a shift of the car- 
bon monoxide stretching frequency from 2025 cm? O51 56 
cnt, a net shift of 89 wavenumbers. The weak broad band 


a 


at 1960 cm ~ in Fig. 46 was assigned to the iron-hydrogen 


stretching vibration, while the adjacent sharp band at 


: is the ees vibration. The spectrum of 


1976 cm 
Ph,AS[(C1,Si),Fe(CO)Cp]”, in whic. 49 «ks identical, to .Frg. 
af. the change in cation appears to have no significant 
influence on the carbon monoxide vibration. 

For similar reasons, a net positive charge on a 


Species shifts the carbon monoxide vibration to a higher 
value. For example, if [CpFe (CO) .]” is compared to 
CpMn (CO) , ,;which Shows the carbon monoxide vibration at 


Peta and 1946 cu 


, an average shift of approximately 


110 cmt Lora higher value is observed. The infrared spectra 
in Fig. 48, 49 and 50 demonstrate carbon monoxide vibrations 
due to common anions and cations. The anion 
[(C1,Si) ,Fe (CO) Cp] ~ is observed at low frequency in Fig. 48 
and 49, while the cation [cpre (co) ,]* is observed at high 
frequency in Fig. 49 and 50. 

The infrared spectra of the ionic compounds in the 
crvataitine state are considerably more complex than those 


in solution. The band patterns and positions of the carbon 


monoxide vibrations are to a large extent determined by the 
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particle size and their environment. This technique for 
the preparation of infrared samples may suffer any number 
of shortcomings described by Szymanski aren The mull 
spectra of [CpFe (CO) 3] [C1,Si) ,Fe(CO)Cp], 44, and 

[CpFe (CO) 3] FeCl," , 45, are shown in Figures 53 and 54, 
The high frequency portion of each spectra, which is due 


to the same cation, suggests that the carbon monoxide 


stretching vibrations are greatly influenced by the anion. 


“es Nuclear Magnetic Resonance Spectra 

The relative chemical shifts of the cyclopentadienyl 
protons on Serres cations and neutral molecules employing 
[CpFe (CO) 31" [(C1,Si) ,Fe(CO)Cpl”, 44, Ph ,AS[(C1,Si) ,Fe(CO)Cp] , 
(C1,Si) ,HFe (CO) Cp, 43 and C1,SiFe(CO).Cp, 42, in acetonit- 
rile are shown in the nmr spectra, Fig. 55-58. Parallel 
to the observed carbonyl stretching frequencies, the shield- 
ing of the cyclopentadienyl protons by a high electron 
density on the species shifts the proton resonance to higher 
field. Thus the cyclopentadienyl proton resonance of 
anions is observed at high field, while that for cations is 
observed at low field. The tT values for [CpFe (Co) ,]", 
C1,SiFe(CO) Cp and [(C1,Si),Fe(CO)Cp] © in acetonitrile are 
4,25, A587 and. 5.37 respectively. 

For [CpFe(CO) ,]"Fecl, , 45, which contains a para- 


magnetic anion, no resonance signal was observed; however, 


a saturated acetone solution of [CpFe (CO) ,]BPh,”, which 
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[CsHsFe(CO)5)* [Fe(CO)SiCly)yCsHs]” in CHCN 
Figure 55 
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(ClgSi)gHFe(CO)CsHs in CH3CN 
a 500 cps sweep below TMS 


b 500 cps sweep above TMS 
¢ 1000cps sweep above TMS 


Figure 57 


C13 SiFe(CO),CsHs in CHCN 


Figure 58 
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has the same cation, shows the cyclopentadienyl protons 
at 3.87t (note Table XVI). In acetone [CpFe (CO) ,]* 
[(C1,Si) ,Fe(CO)Cp]7, 44, shows the cyclopentadienyl pro- 
ton resonance at 3.85tT and 5.40T. While the change in 
solvent appears to have no significant effect on the 
anion, the proton resonance on the cation is shifted 0.40T 
units to lower fields, when acetonitrile was replaced by 
acetone as the nmr solvent. The manner in which the 

ions are solvated by acetonitrile or a fond may perhaps 
explain this shift. In both of these polar solvents ‘the 
anion would be in close proximity to methyl groups, while 


the cation would be surrounded either by the nitrogens 


of acetonitrile or the oxygens of acetone: 


C CH co 
3 yuk ug 
eo en £0 
Chie Sine CH3 
47 
CH3CN NCCH3 CH3CN 
48 
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The degree of dissociation of (C1 Si) ,HFe (CO) Cp is 





largely dependent on the solvent. In acetonitrile, CHCN, 
dissociation occurs only to a small extent: 
(C1,Si) ,HFe(CO)Cp-=—H" + [(C1,Si) Fe (CO) Cp]™ [Iv.7] 


This can be observed in the nmr spectrum for 
(C1,Si) ,HFe (CO) Cp in acetonitrile, Fig. 57, by the appearance 
of a weak signal at Bea ie corresponding to the cyclopenta- 
dienyl protons on the anion. These features are shown in 
more detail in Fig. 59 which also shows an accurate inte- 
gration of the relative intensities. For an nmr sample 
containing approximately 100 mg of hydride in 0.4 ml aceto- 
nitrile an integration ratio of 154:9.5 for the undissoci- 
ated and dissociated cyclopentadienyl protons was found. 
Assuming the system is at equilibrium, an equilibrium con- 


stant, K, in acetonitrile can be calculated: . 


" | 3 
[HV L(Ci1351),Fe(Co)Cp. ] 2 a 
% [ (C1,Si) ,HFe (CO) Cp] [0.56] 
PK, = 2.6 


According to this value, (C1 ,Si) ,HFe (CO) Cp is one of 


the strongest known acidS in acetonitrile.* 





* 540. Ma Kol thor, iS..Bruckemstein and M. K. Chantooni, dr., 
J. Am. Chem. Soc., 83, 3927 CL9G1) ,. report pK, values for 
HC1O, and HBr, the strongest known acids in acetonitrile 


of <2 and 5.5 respectively. 
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In acetone, (C1351) ,HFe (CO) Cp is completely dissoci- 
ated. The cyclopentadienyl proton resonance is approximately 
at 5.3 - 5.4t°-and no high field proton in the 121-22 region 
can be departed: 

The effects of adding a base to (C151) ,HFe (CO) Cp, 
in acetonitrile are shown in Fig. 59-61. Successive addi- 
tions of 0.01 ml of pyridine to the nmr sample, containing 
approximately 100-120 mg of hydride, caused an inversion 
of the intensity ratio for the proton resonance absorption 
on the undissociated and dissociated complex. The weak 
Signal 890 cps below TMS appears to be the resonance signal 
for the proton on the nitrogen of the pyridine, (i.e. 

"HNC H.) . 

The nmr spectrum of the high field proton, which is 
bonded directly to iron,shows additional fine structure at 
high amplitude on an expanded scale, Fig. 62. The main 
resonance absorption is at 21.64 T. The protons coupled to 
29 Si are observed at (hare oi) = 20.0 cps. The inte- 
grated intensity of these signals relative to the main ab- 
sorption us approximately 10%. The natural abundance of 
the hat isotope, which has a spin of + 1/2, is 4.7%; 
Since there are two silicon atoms in the molecule, the 
statistical probability for the presence of one Ades 
isotope in the molecule is 9.4%. 


A weaker set of satellites is observed at J = 14.5 


cps. These are believed to be due to the protons coupled 
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(Cl3Si), HFe (CO) CyHs 
in CH3CN 


Figure 59 


(ChSi}p HFe (CO)CsHs and 
OO\ml PYRIDINE in CH3CN 


Figure 60 


(C1,Si}, HFe(CO)CsHs ond 
«O02 mi PYRIDINE in CH3CN 


Figure 61 
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to >The, which has a Spin of + 1/2 and a natural isotope 
abundance of 2.2%. There are no known reports of proton 
a7 


resonance coupling to Fe, and this tentative assignment 


is made on the basis of approximate intensity ratio. The 


possibility that the weak bands at J = 14.5 cps are due 


to coupling of the high field proton to Pots of the cyclo- 


pentadienyl ring has not been ruled out with certainty. 

The sharpness of the nmr signals suggests that com- 
pounds 42-44 are diamagnetic. For the proposed structures 
au the beginning of this chapter, the complexes do obey 


Ene JE .A.N. rule (e.g. each iron, atom obtains a total of 


Tee a 
the anion is paramagnetic. The Recl ion is a tetrahedral 
: system with five unpaired electrons. Because of the 


1Q0 electrons from the ligands). [In [CpFe (CO) 3] “FeCl 


d 


4 


a sufficiently pure sample for analysis was not obtained. 


extreme insolubility of [CpFe (CO) 3] "FeCl in most solvents, 


The reaction of [™CH,C.H, Fe (CO) 4], and Cl. 


the methylcyclopentadienyl analogs of compounds 42 - 45. 


SiH yields 


These are far more soluble than their cyclopentadienyl 


counterparts. For example, C1,SiFe(CO),mC ho CH and 


Se Pee 


(C1,Si) ,HFe (CO) T-C_H,CH, are extremely soluble in hexane, 


[1CH H Fe (CO) 41° [ (C1484) >Fe (co) rCgH CH] is very soluble 


3%5 
in dichloromethane, and [CH ,C,H,Fe (CO) ,] FeCl, is moder- 
atly soluble in dichloromethane. A sufficiently pure sample 
of this complex for analysis was obtained. The magnetic 


susceptibility was also measured. 
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4. . Magnetic Susceptibility. of [™CH,C,H,Fe (CO) ,] "FeCl, 





The iron atom in the anion of [WCH,C,H,Fe(CO) ,] FeCl, 


is in the plus (III) oxidation state and a tetrahedral 
environment. In this state, the magnetic moment, u, of 
iron is always very close to the spin only value of 5.9 
B.M. (Bohr Magnetons) due to the five unpaired electrons a 
The gram susceptibility of a sample, Xgm(s), can be 
determined by measuring the increase in weight, Af(std), 
in an inhomogeneous magnetic field of an accurately weighed 
standard, miseaye and the increase in weight, Af(s), of 
the accurately weighed sample) m(s). For example, using 
HgCo (SCN) , as a standard (three unpaired electrons), 
Xgm(std) = 16.27 cgs units. The experimental values can 
be related to the number of unpaired electrons, n, in 


the complex ae 


Aft (s) m(std) 
Af (std) m(s) 


xontsy = Xgm(std) 


The uncorrected molar magnetic susceptibility is: 


as = Xgm - Mol. Wt. 


The magnetic moment yu is: 


fi CSs2vesy FESS EHEG) 


M 


; : ; D 
The diamagnetic contributions X 


mr are relatively small and 


can be omitted in an approximation: 
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Making further approximations, by employing the abso- 
lute temperature,T, instead of (T-6@),(0 is known as the 


Weiss constant), the magnetic moment, u, is: 


ul = 2.83/X), = y¥yn(n + 2) 


The molecular weight, Mol. Wt., is then: 


Mol. Wt. = oY AE teh ee see Experimental section: 
G25 se Ld = 
With five unpaired electrons, n = 5, a molecular weight 


of 425 was calculated. The molecular weight of 
["CH,C,H,Fe (CO) ,] FeCl,”, is 4174 The calculated, value 
is less than 2% high, so that the susceptibility measure- 


more concirms the initial formulation. 


5. Conductivity Measurements 

The degree of ionization of complexes in polar solvents 
may be established from conductance measurements. The 
equivalent conductance of potassium chloride, which is a 
uni-uni-valent salt ofa Lae molar aqueous solution, is 
approximately 147 om” equiv + ohm” t ae 

Conductivity measurements in acetone at two differ- 
ent concentrations were performed on a number of ionic and 
nonionic compounds studied in this chapter. The values 


are given in Table XII. The nonionic complexes ClFe (CO) Cp 


and Cl 


35iFe (CO) Cp, show the anticipated low values for _A. 
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The conductance values,  , for the ionic complexes, all 
are between 110 - 150 cm? equiv + ohm+. ‘The magnitude of 
these values and the increase in equivalent conductance at 
lower concentration are in good agreement with reported 


values for completely dissociated uni-uni-valent salts iS, 


6. Structures 

Recently Ibers et al. have determined the structure 
of (C1,Si) ,HFe(CO)Cp, 43, using a sample supplied by this 
laboratory.’ The X-ray crystallographic structure and the 
interatomic data are given in Figure 63 and Table XIII oon 
The hydrogen bonded to the iron atom is not shown, since it 
was not detected by X-ray crystallography; nevertheless, 
there is little doubt as to where it is likely to be situ- 
ated. The angles between CCp-Fe-Si(1), CCp-Fe-Si(2) and 


i =Fre-Si (2), note Table XIII, are all greater than 109°, 


leaving sufficient room for the hydrogen in the region 
L53 


defined by these three angles. In an alternative manner 7 


the position of the hydrogen may be reviewed as trans to 
the carbon monoxide at the base of a square pyramid, in 
which the cyclopentadienyl ring forms the apex. 


The structure of Cl SnFe(CO)5Cp, which would be 


s 


expected to be similar to that of C1,SiFe(CO) ,Cp, 42,also 
shows the distorted tetrahedral arrangement of the ligands, 
as indicated by the X-ray crystallographic determination a 


Replacement of carbon monoxide by a silyl group or a silyl 
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CoH Fe(HICO(SICI,)., 


L. Manojlovic-Muir, K.W. Muir, and J.A. Ibers(1969) 


0 
Fe~ S19 Aceon 


Figure 63 
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Selected Intramolecular Distances and Angles 


Distance 


Fe-Si (1) 
Fe-Si (2) 
Fe-C 
Fe-CCp” 
Fe-C (1) 
Fe-C (2) 
Fe-C (3) 
Fe-C (4) 
Fe-C (5) 
Fe-C_. (av.)? 
rin 
Si (1) -Cl1 (1) 
Si€2) -Cl1 (2) 
Si (1)-C1 (3) 
Si(2)-C1(4) 
Si(2)-C1(5) 
Si(2)-C1(6) 
Si-Cl (av.) 
C=0 
iy -C{2) 
C(2)-C (3) 
C(3)-C (4) 
C(4) -C (5) 
Cro) =C (1) 


C-c (av.) 


MPM HY YP YP FP Pr Do NNN NNNNN NNN N KF HPD DW 


TABLE XIII 


° 


A 





52523) 
.252(3) 
.758(9) 
718 
.099 (8) 
.084 (7) 
.089 (8) 
.086 (10) 
eLOGt EL) 
.093(4) 
.049 (4) 
.060 (4) 
.043 (4) 
.049(4) 
.048(4) 
.061(4) 
.052 (3) 
p32 (10) 
.395(14) 
. 404 (13) 
. 396 (17) 
443 (15) 
.3983 013) 
.404 (10) 


Angle 
CCp-Fe-Si (1) 
CCp-Fe-Si (2) 
CCp-re-C 
Si (1) -Fe-Si (2) 
Si(1)-Fe-C 
Si(2)-Fe-C 
Fe-C-0O 
Fe-Si (1) -C1(1) 
Fe-Si (1) -Cl1(2) 
Fe-Si (1) -C1(3) 
Fe-Si (2) -Cl (4) 
Fe-Si (2) -C1(5) 
Fe-Si (2) -Cl (6) 
Fe-Si-Cl (av.) 

Gi Ch) =Si..01)-Cl (2) 
ClA1L)—S3-(1) -El.(3) 
Ch (2)i-Sao6b)- Gh 63) 
C1 (4) -Si(2)-C1 (5) 
Clt4)=Sit(2)-C1 (6) 
C1 (5) -Si(2)-C1(6) 
C1-Si-Cl (av.) 

C (5) -C (1) -C (2) 

ot BD a8 Gy Ree a CE 
C(2)-C (3) -c(4) 
C(3)-C (4) -c (5) 
CVE Cy) 
C-C-C (av.) 


152s 


i RS S| 


Deg. 


119.4 
LLSsd 
12528 
Be os 9 BD 
85.1(3) 
84.4(3) 
V7 0:(10) 
Tro. 7th) 
Tie 22) 
Texel lL) 
PL} 
2 ws a 38 ew 
Li are Gh) 
L427 (8) 
103.5 (2) 
104.3{2) 
102.7(2) 
104.6(2) 
103.912) 
di bm Sout a | 
103.8 (3) 
109.9(9) 
107.8(10) 
108.0(10) 
107.9 (9) 
106.3(10) 
108.0(6) 


a. CCp is the centroid of the cyclopentadienyl ring. 


b. Standard deviations of averaged quantities are estimated 


from the range of the individual measurements. 
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a barge 
group by carbon monoxide on C1,SiFe(CO) Cp would yield the 
anion or cation of [CpFe (CO) 3]*[(C1,Si) ,Fe(CO)Cp], 44 


respectively. 


qT. Temperature Dependence of. Products. 


This reaction appears very complex and the limited 
available data allow only speculative suggestions about pos- 
Sible reaction paths. In a simplified representation, the 


reaction can be written in the following general terms: 
Starting materials ——> [Intermediates] ——» Products gal lV.8] 


The terms "Intermediates and Products" are employed loosely 
in this text, since compounds 43 - 45, which may be isolated 
as products are apparently intermediates in the formation 

of 42. 

The yields of the individual components are very 
sensitive to reaction conditions. For example, in a reaction 
aoe © for-30 “minutes, ‘all of [CpFe (CO) oJ, is consumed, 
as indicated by the color change from brown to yellow. The 
products from this reaction contain mainly 44, a considerable 
amount of 43 and a small quantity of 42. If a similar 
reaction mixture is heated at the same temperature for a 
prolonged period of time, then the products of the reaction 
yield mainly 42, trace amounts of 43 and some 44. Ina 
very narrow range of reaction conditions, (e.g. at 129-130°C 


for 15 minutes), the products contain considerable amounts 
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of unreacted [CpFe(CO).,].,, but a fourth Konibonent, 

[CpFe (CO) ,]"Fecl,”, 45, may be isolated in appreciable quan- 
tities. There is evidence Of the presence of other products 
which have not been characterized. For example, when the 
excess unreacted C1,SiH is distilled from the reaction mixture 
at reduced pressure and stored in a closed container at room 
temperature, Sn8 aeitesan becomes slowly brown and eventually 
precipitates some flaky insoluble material, which may be the 
result of decomposed HFe (CO) 5Cp. Above 170°C the solid 
products, after removal of C1,SiH, contain some oily substance 
which does not show carbonyl bands in the infrared spectrum, 
ito cubstance could be some form .of higher silanes ‘or 
silyl-cyclopentadienyl compounds. 

Employing samples of 2.0 gm [CpFe (CO) 4], (5.65 mmol) 
ana f2f - 8.0 ml C1,SiH (excess), this reaction has been 
carried out at temperatures between 110 - 180°C at constant 
reaction times of 30 minutes. Yields of individual compo- 
nents have been determined by infrared spectroscopy. The 
values are tabulated in Table XIV and are plotted in Figure 
64. Column seven in Table XIV, representing the percentage 
of accountable products by combining 42, 43 and 44, relative 
to the total weight of crude product after removal of excess 
unreacted C1,Sin, column three, does not add up to 100%. 


Insoluble residues remaining, after extraction with dichloro- 


methane and the oily substance at the higher temperatures, 
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appear to account for most of this discrepancy. 

Drawing attention to Figure 64, it is most important 
to keep in mind that it does not represent a normal kinetic 
study and that the conclusions that can be drawn from it 
are very much more limited. The main purpose of this study, 
in which equal amounts of starting materials were reacted 
for a constant period of time at different temperatures, 
was to determine the temperature range for the optimum 
yields of the individual components at reasonable reaction 
times. There are, however, several points of interest in 
Figure 64. Firstly, the use of 5.65 mmoles [CpFe (CO) 4], 
yields a combined molar quantity of 5.2 - 5.6 mmoles of 
compounds 42, 43 and 44 at all témpératures above 130°C. 
Below 130°C @ considerable amountof unreacted [CpFe (CO) 4], 
is present. Secondly, there appears no simple additive 
relationship between any two components. Thirdly, irregu- 
larities in all three curves appear to coincide in the 
same temperature range. Although no concrete conclusions 
about possible reaction mechanisms can be drawn from these 
data, it does tend to suggest that the three components 
interconvert in some complex pattern and finally result 


in compound 42. A number of reasonable intermediate steps 


for this reaction may be suggested. 


[CpFe (CO) 51, ae [CpFe (CO) aw [Cl,SiHFe (CO) Cp] ") 


[IvV.9] 
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foi Li 


Pree ict ciire(co)cp] 
[CpFe (CO) 3]"[(C1,Si) ,Fe (CO)Cp]” +H, [Iv.10] 
a ae CPohsH 
[CpFe (CO) 5] [C1,SiHFe (CO) Cp] a 
HFe (CO) ,Cp oh (C1,Si) ,HFe (CO) Cp TOO Te 14 
; Semis cad 
[CpFe (CO) ,]" [C1 ,SiHFe (CO) Cp] ce ti ie aii 
C1,51iFe (CO) ,Cp + C1,SiH.,Fe(CO)Cp CO VEL2) 
C1,SiH 
C1,SiH.4Fe (CO) Cp a (C151) ,HFe (CO) Cp + H, 
[TvIV31 
: ge oleein 
[CpFe (CO) 3] [(C1.Si) ,Fe(CO)Cp] > 
C1,SiFe (CO) Cp + (C151) ,HFe (CO) Cp + CO [1V.14] 
[CpFe (CO) 4] [ (C1,Si),Fe(Co)Ccp]7 = —_______-> 
2C1,SiFe (CO) ,Cp [Iv.15] 
[CpFe (CO) ,] "FeCl ,~ + (C1,Si) ,HFe (CO)Cp —————> 
[CpFe (CO) ,]°] (C1,8i) ,Fe(CO) ,Cp]™ + HCl-FeCl, [IV.16] 


Equations IV.9 and IV.10 are analogous to the intermediate 
steps suggested for the reaction of Fe (CO). and C1,SiH, 

note Chapter III. The independent more rapid growth in 
yield of 43,compared to the yield of 42 between 110-150°C, 
as well as the suggested evidence for HFe (CO) ,Cp could be 
explained by equation IV.1ll. The dihydride, C1,SiH.~Fe(CO)Cp 
in equations IV.12 and IV.13, if capable of existing, 

would be expected to be of extremely low stability (e.g. 


C1,SiHCo(CO)Cp is much less thermally and air stable than 


= 
(C1,Si) ,Co(CO)Cp, a generally observed trend with other 


related complexes). Although equation IV.14 and Iv.15 
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appear likely, according to the data in Figure 64, (note the 
complete disappearance of 4A in the reaction mixture at 
higher temperature), a sample of 44 in C1,SiH at temperatures 
up to 180°C resulted in no Nottcden te quantity of 42 or 43. 
In a polar environment all compounds in equation IV.16 
would be partly dissociated and therefore no significant net 
reaction would be expected. Although this investigation 
Suggests several correlations @#M0ng the products, the com- 
plexity of the reaction leaves much more room for specu- 
lation. 

When a reaction of [CpFe (CO) 5], and excess C1,SiH 


is allowed to proceed to completion, then only 


CE SiFe(CO).Cp, AQ is obtained in 50% yield, based on 


3) 


[CpFe(CO),],. The intermediate, [CpFe (CO) 3] [(C1,Si) ,Fe (CO) Cp] 


2° 
44, apparently provides only the anion or cation for the 
formation of C1,SiFe(CO).Cp, 42. The counter ion may form 
some other intermediate, which eventually results in the 
decomposition residues. 

At a later stage of this work it was discovered that 
under ultraviolet irradiation, C1,SiFe (CO) ,Cp, 42, may be 


converted to (C1,Si) ,HFe(CO)Cp, 43, in the presence of 


C1,SiH. 


Opt SiFe (CO) Cp 5 C1,SiH a (C1,Si) ,HFe (CO) Cp ze kagome Ot ' en Br 6 
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The ability of ultraviolet irradiation to replace one 
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carbon monoxide with C1,SiH proved to be a general reaction 
and forms in part the subject of Chapter V. 

With other silanes such as MeC1.,SiH, Me,C1SiH and 
Me SiH, [CpFe (CO) 5], does not yield methylsilyl analogs of 
43 and 44. These reactions become progressively slower 
with the increase in the number of methyl group on the 
Silane starting material. If these reactions do proceed 
by a similar mechanism, then the reaction of the inter- 
mediates in subsequent steps is more rapid than their 


formation, and only the end products are obtained (e.g. 


MecCl SiFe(CO).Cp, Me 


5 C1SiFe (CO) ,Cp and Me 


SiFe (CO) Cp). 


2 & 


io Analysis by Infrared 

The concentration of a compound in solution may be 
correlated to the band height of a carbon monoxide stretch- 
ing vibration in the infrared spectrum,by employing the 
Lambert-Beer Law as expressed by the mathematical equation 


below: 
A = abc 


A is the absorbancy or optical density, a is the absorbancy 
index or coefficient of extinction, b is the pathlength and 
c is the concentration. The extinction coefficient, a, is 
constant for a given vibration in the compound and b is 
constant for a given set of infrared cells. The absorbancy, 


A, iSthen directly proportional to the concentration, c. 
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If the band heights of selected infrared vibrations 
are measured in the infrared spectra which are obtained 
by using known weights of pure samples of the compound, 
an empirical working curve can be constructed which then 
can be employed to calculate the concentration of the 
same compound in the reaction mixture from the infrared 
spectrum of a known weight of crude material dissolved 


in the same solvent. 


In the analysis of compounds 42 - 44 by infrared 
spectroscopy, several features made the use of this method 
feasible. The reaction mixture,after removal of the excess 
unreacted C1,SiH,is a powdery yellow material which is 
moderately air stable for short periods -of time. This con- 
veniently allows weighing of samples of desired quantity 
and handling of the samples in ordinary volumetric glass 
wares yWathuoily airosensitivesmateriais thist procedure 
could not readily be employed. Compounds 42 and 43 are 
hexane. soluble-and~—the- carbonyl stretching frequencies. are 
well separated. Compound 44 is completely insoluble in 
hexane and therefore does not interfere in the analysis. 
After the See eacsatsha on compounds 42 and 43 in hexane 


have been performed, the insoluble fraction may be washed 


with pentane and the same procedure repeated on compound 44 


in dry acetone. Because of the numerous measurements which 


were required in determining the values in Table XIV or 
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Figure 64 a substantial degree of uncertainty must be 
assumed. For example [CpFe (CO) .], for each reaction was 
weighed and each reaction was timed. The weight of a 
sample was obtained tua the difference of two weighings. 
Samples were diluted in volumetric ware and the resultant 
infrared band heights were measured. A similar procedure 
was followed for both the calibration of the standards and 
the consequent analysis of the samples. It becomes evident 
that the accumulation of small errors from individual 
Operations adds to a substantial overall uncertainty of 

the plotted values in Figure 64. The magnitude of the 
error would probably vary with each component and concen- 
tration range. An estimated error of + 5% appears a reason- 
able approximation. It seems probable however, that the 
deviation in the results of duplicate runs is a result of 
the heterogeneous character of the reaction, which is 


entirely unsuitable for the usual kind of kinetic study. 


a. Reaction, of C13,SiFe (CO) ,Cp with Protic Reagents 


Chlorosilanes are extremely susceptible to moisture 
and hydrolyze rapidly in the pesence of water. The reac- 
tivity of the silicon-chlorine bond with other protic 
reagents was investigated. A hexane solution containing 


Cl SiFe(CO).,Cp, 42, appeared insensitive to methanethiol, 


% 
MeSH. The infrared spectrum of the reaction mixture which 
had been stirred at room temperature for several hours 


showed only unreacted C1,SiFe (CO) Cp. The addition of 
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methanol, MeOH, to a eres solution containing 
C1,SiFe(CO) Cp, caused rapid evolution of hydrogen chlor- 
ide. The reaction is extremely fast, yielding 

(MeO) ,SiFe (CO) ,Cp with no apparent decomposition. This 
product, (MeO) ,SiFe(CO) Cp, Shows a complex carbonyl in- 
frared spectrum, Fig. 9 which is discussed in terms of 
conformational isomerism, Chapter III. 


A mixture of t-butyl alcohol, Me.COH, and 


e 
C1,SiFe (CO) Cp, in hexane at room temperature for ten hours, 
showed no noticeable change in the infrared spectrum. 
Heating this reaction mixture in steps to 100°C resulted 
only in partial decomposition. The reaction of isopropyl- 


alcohol, Me.,HCOH, and C1,SiFe(CO) Cp, does proceed but 


2 
it is extremely slow. The successive substitution of 
chlorines can be observed by the gradual change of the 
carbonyl stretching pattern in the infrared spectrum. At 
55°C the reaction goes to completion in approximately 

100 hours. The infrared spectra of this reaction mixture 
taken at intervals of 20 - 25 hours are shown in Fig. 

65, a-e. The successive replacement of chlorines becomes 
slower as the silicon atom becomes surrounded by bulky 
substituents. For example, the first chlorine appears 
completely replaced in 20 - 24 hours while the replacement 


of the third chlorine requires 70 - 75 hours: 


C1,SiFe (CO) ,Cp + Me HOH rela Locaoaa (Me HCO) C1,SiFe (CO) Cp 


3 ms 


eG. [Iv.18] 
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40-45 hr. 


(MejHCO)C1,SiFe(CO),Cp + Me,HCOH 

(Me,HCO) ,ClSiFe(CO),Cp + HCl [Iv.19] 
(Me HCO) ,C1SiFe(CO),Cp + Me,Hcon 077) hr: 

(Me HCO) ,SiFe (CO) ,Cp + HCL [Iv.20] 


The intermediates, (Me,HCO) C1,SiFe (CO) Cp and 
(Me,HCO) ,C1SiFe(CO).Cp, have not been isolated and the rela- 
tive- rates of replacement of chlorines have been estimated 


from the change with time observed in the infrared spectra. 


20. The reaction of [CpMo (CO) 3], and C1,SiH 


The reaction of [CpMo(CO) and Cl1.SiH appears to 


au 3 
proceed by a similar complex mechanism as the reaction of 
[CpFe (CO) ,], and C1,SiH. In the same temperature range 
the reaction proceeds at a much slower rate and is accom- 
panied by extensive decomposition. The products so far 


isolated are shown in equation IV.21. 
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Attempts to isolate the molybdenum analog of 
(C151) ,HFe(CO)Cp, 43, have not been successful and it is 
questionable whether the steric requirements of such a 


molecule would permit its existence. 


ve 
cyst | 


s 


The infrared spectra of [CpMo (CO) 41” [(C1,8i) ,Mo(CO) ,cp]7 
in solution and solid state are shown in Figures 66 and 67. 
Analogous as to the infrared spectra of the iron analog, 
the bands above 2000 cm, are the carbon monoxide vibra- 
tions of the cation, while those below 2000 cmt correspond 
to the carbon monoxide vibrations of the anion. The 
intensity pattern of the carbon monoxide vibrations of the 
anion suggests a trans arrangement of the silyl groups 
In ea in a structure which can be viewed as a square 
pyramid with the .cyclopentadiene at the apex. 

The nmr spectra of C1SiMo (CO) Cp and 
[CpMo (CO) 4] [(C1,8i) ,Mo(CO) ,Cp]” are shown in Figures 68 
and 69. These demonstrate the chemical shifts of the 


cyclopentadienyl protons as influenced by the electron 


density on the cation, anion and neutral species. 
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Finer details of the reaction: processes and the chemi- 
cal properties of the products will form the subject of 


a future investigation. 
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Figure 66 
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C5H,Mo(CO), CsHsMo(CO)}2(SiCl3)5 MULL in NUJOL 


Figure 67 
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EXPERIMENTAL 


Starting materials and general synthetic techniques 
are the same as described in Chapters II and III. All 
reactions involving trichlorosilane at elevated temperature 
were carried out in Carius tubes. The reactants were 
sealed in these under vacuum at liquid nitrogen tempera- 
ture. Exposure of all compounds to air, either in 
solution or the crystalline state,was kept to a minimum 
at all phases of the experiments. Nitrogen was employed 


as the inert atmosphere. 


Solvents. 

Reagent grade pentane, hexane and heptane were used 
without further purification. Fisher reagent grade dichloro- 
methane was distilled from calcium hydride and used within 
several days. eet grade acetone was distilled from 
potassium permanganate onto anhydrous potassium carbonate, 
from which it was in turn distilled and stored under 


nitrogen. 


Trichlorosilyl-1-cyclopentadienylirondicarbonyl, 


C1,SiFe(CO),CP (Compound 42) : 


3 





A sample of 2.0 gm [CpFe (CO) 5], Sone od} an 7.0 mk 


C1,SiH (excess) was heated at 140°C for 30 minutes during 


3 


which the reddish-brown color of the reaction mixture 


changed to yellow. The Carius tube was allowed to cool 
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to liquid nitrogen temperature. The tube was opened along 
the constricted section to release the gases formed in 

the reaction. The excess C1.SiH was removed at reduced 
pressure and the residue transferred into a Schlenk tube. 
This was extracted with several aliquots of warm pentane. 
The infrared spectrum of this solution showed three 
relatively strong carbonyl stretching bands. The pentane 
was evaporated at reduced pressure, resulting in a yellow 
crystalline material. This was sublimed at room temper- 
ature onto a water-cooled probe at less than 0.01 mm 
mercury pressure. This sublimation was extremely slow and 
was carried out over several days. After no further deposit 
of yellow crystalline product was observed at room temp- 
erature, the combined sublimate was dissolved in a mini- 
mum of hot hexane, filtered and the filtrate allowed to 
PoOrriowly itl the rerrigeraror. A coarse, yellow, Crystal 


Zone procuct, Ctr SiFe(CO).,Cp, formed, which had a melting 


3 
posnte ar. 129 - Ls0°C. “FOr vyieidnrerer to grap tise Lg « 


64 at specified reaction conditions. 


Bis-trichlorosilyl-1-cyclopentadienylironcarbonylhydride, 
(C1,Si) ,HFe (CO) Cp (Compound 43): 

Sublimation of the residue from the pentane extraction 
from the above reaction was continued at 60°C onto a water 
cooled probe at less than 0.01 mm mercury pressure. Slowly 


a white microcrystalline material deposited on the probe. 
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This was dissolved in a minimum amount of hot hexane and the 
solution filtered. Cooling of the clear colorless filtrate 
in the refrigerator yielded a coarse, needle-like, pale .yellow, 
crystalline material, (C1,Si),HFe(CO)Cp, ea et al oy els 
yields, refer to graph in Fig. 64 at specified reaction con- 


niPionis. 


1t-Cyclopentadienylirontricarbonyl-Bis-trichlorosilyl-t-cyclo- 
pentadienylironcarbonylate, [CpFe (CO) 3] [(C1,8i) Fe (CO)Cp]™ 


(Compound 44): 


Dichloromethane was added to the pentane-insoluble 
residue from the above reaction, resulting in a yellow 
solution. The infrared spectrum of this showed three Yrela- 
tively strong broad carbonyl streching bands. The dichloro- 
methane solution with the partly dissolved crude product 
was heated under a slight pressure and filtered hot, yielding 
an intensely yellow clear solution. This was allowed to 
cool slowly in the refrigerator, and precipitated a yellow 
needle-like crystalline product, [CpFe (CO) 3] [(C1,Si),Fe(CO)Cp] . 
PL Seo OFLC complex is sparingly soluble in cold dichloromethane. 


It decomposed above 225°C. 


m-Cyclopentadienylirontricarbonyl Tetraphenylborate, 

[CpFe (CO) ,] *BPh,”: 
2 4 

The synthetic method described by Wilkinson et wired 


was employed in the preparation of this complex. In the fume 


hood, a 50 ml cappable vessel, described in Chapter III 
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page 107, was charged with 1.38 gm C1Fe (CO) Cp (6.50 mmol), 
Bd It NaBPh , (6.86 mmol) and 10 ml dry acetone. With a 
Teflon coated magnetic bar inside, the reaction vessel was 
sealed and attached to a carbon monoxide source vita a needle 
piercing a rubber seal provided in the cap. The air in 

the reaction vessel was swept out with carbon monoxide. 
Under a carbon monoxide pressure of 40 psig the solution was 
stirred magnetically at room temperature until the red 

color of the reaction mixture changed to yellow. During 

this process a yellow microcrystalline solid precipitated. 


This was recrystallized from large volumes of dry acetone, 


affording a yellow crystalline product, [CpFe (CO) 3] "BPh, F 


which decomposed slowly above 180°C. 


The Reaction of Compound 43 and Ph,Ascl 
Tetraphenylarsonium-Bis-trichlorosilyl-1-cyclopentadienyl- 


ironcarbonylate, Ph,As’ [(C1,Si) ,Fe(CO)Cp]: 


Ten ml of dry acetone was added to a mixture of 0.70 


gm (C151) ,HFe (CO) Cp (1.67 mogl) ane uo. 7/0" OM PR Ascr Liss 7 


4 
mmol). This was stirred at room temperature until all the 
Materials dissolved. During this process the solution 
turned from colorless to yellow. Immediately after all 
materials dissolved, the acetone was removed at reduced 
pressure, leaving an oily crystalline material which upon 


washing with hexane crystallized completely. This residue 


was dissolved in 10 ml of dichloromethane and filtered. 
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Hexane (20 ml) was carefully added to the top of the clear 
yellow filtrate, resulting in two clear layers of different 
density. This was carefully set aside in the refrigerator, 
As the two layers Slowly diffused into one another, large 
yellow crystals formed on the wall of the vessel. After 
crystallization appeared complete, the peeauee was washed 
with hexane, yielding 1.20 gm Ph,As" [ (C1,Si) ,Fe (CO)Cp] 


(1.50 mmol, 90% yield). Its melting pointwas 142 - 145°C. 


The Reaction of Compound 44 and Ph,AsCl to form 


4 
Ph,As’ [(C1,Si),Fe(CO)Cp]~ and ClFe(CO) ,Cp: 


A 50 ml three-neck flask was charged with 0.845 gm 
Ph,AsCl (2.02 mmol) and 15 ml dry acetone. The reaction 
was attached to a gas burette and 1.20 gms of 
IcpFe (CO) ,]*[(C1,Si),Fe(CO)Cp]” (1.93 mmol), dissolved in 
10 ml dry acetone,was slowly added from an addition funnel 
into the stirring reaction mixture. The solution turned 
slowly from yellow to orange, and finally to red, with 
a slow evolution of carbon monoxide. Over a period of 
one hour, 50.5 ml of gas was evolved at room temperature 
and 690 - 700 mm mercury pressure. This corresponds to 
approximately 42 ml at STP (1.88 - 1.90 mmol). The 
infrared spectrum of the evolved gas was identical to 
that of carbon monoxide. The acetone was removed at 
reduced pressure leaving an oily red material. Addition 


of a small quantity of pentane crystallized the oily 
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material. The pentane was evaporated and the red ,crystal- 
line residue was sublimed at 45°C onto a water-cooled probe 
at less than 0.01 mm mercury pressure. Red, crystalline 
C1lFe (CO) Cp sublimed (0.327 gm, 1.54 mmol, 80% based on 
compound 44 employed). Its melting point was 49 - 50°C. 
The residue, a light cream powdery material, was 
washed with several small aliquots of pentane. It was then 
dissolved in 20 ml dichloromethane and filtered, resulting 
in a clear yellow solution. Hexane (30 ml) was carefully 
added to the top of the yellow filtrate and the resulting 
two layer system set aside in the refrigerator. The pro- 
duct deposited on the wall of the vessel, and was identical 
to that obtained from the reaction of (C1,S1i) ,HFe (CO) Cp 
and Ph,AsCl. Its yield was 1.36 gms (1.70 mmol, 88% based 


4 


on compound 44). 


Yields of 42, 43 and 44; Dependence on Temperature: 


A sample of 40 gm of coarse, crystalline [CpFe (CO) 4], 


was finely ground to a powdery material of uniform appear- 
ance. Employing this material, 16=Carius tubes of 
approximate volume of 60 - 70 ml were charged each with 


2.00 gm + 0.01 [CpFe (CO) (3-65 aol) and. 7,7 ml + O0.1 


249 
C1,SiH. These were sealed under vacuum with the sample 

at liquid nitrogen temperature. Carius tubes were immersed 
in a 2.5 gallon oil bath (Dow Corning 710 Fluid) thermostated 


at 110°C. The tubes were attached to a reciprocating, 


“a 
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mechanical, shaking device and allowed to react for 30 min- 
utes timed with a stop watch. This procedure was repeated 
aon ielr Cab sueC, ¢ 1402C, «1 502CA9 1609Ce 2 170% Cs and) 2:80°Gs— Two 
Carius tubes were reacted at each temperature. After each 
tube was removed from the oil bath, it was allowed to cool 
slowly to room temperature and then was placed into liquid 
nitrogen. Consecutively, each was opened to release the 
gases formed in the reaction. The excess C1,Six was re- 
moved at reduced pressure and stored for further use. The 
crude, powdery product from each reaction was accurately 


weighed as recorded in Table XIV. The samples were label- 


led and stored separately under nitrogen. 


Analysis by Infrared Spectroscopy: 

The instrument was calibrated and the settings were 
maintained unchanged throughout the complete experiment. 
At the end of the experiment, the instrument was checked 
for deviations from the initial settings. 

Accurately weighed (to within + 0.1 mg) pure samples 
of C1,SiFe(CO).,Cp, 42, and (C1,Si),HFe(CO)Cp, 43, ranging 
from 0.1 to 1.5 mg per ml at narrowly spaced intervals, 
were combined and dissolved in 25 ml hexane using volumet- 
ric flasks. The infrared spectra of these solutions in 
the carbonyl region were recorded at 1.5 inches per minute 
chart speed on the external recorder. The band heights 


from the base line were measured for compounds 42 and 43. 


These were plotted against the corresponding concentrations, 
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resulting in smooth curves. These curves were then em- 

ployed as calibration standards for solutions of unknown 
concentrations of compounds 42 and as. eh Similar pro— 

cedure was followed for [CpFe (CO) 3] [(C1,Si) ,Fe(CO) Cpl”, 
44, in acetone, for which a smooth curve was obtained at 
concentrations ranging from 1.0 to 6.0 mg per ml. 

i From each reaction an accurately weighed sample of 
crude powdery product, (25 - 50 mg) was dissolved in 25 
ml hexane employing volumetric flasks. The infrared 
Spectrum of each solution was recorded and the peak 
heights from the base line were measured. The corres- 
ponding interpolated concentrations of compounds 42 and 43 
were read from the calibration chart. Using these values, 
the total number of mmoles of compounds 42 and 43 were 
Calculated and recorded in Table XIV. 

The hexane-insoluble residue containing compound 44 
was washed with 2 - 3 aliquots of pentane. After this 
residue was dried by evaporation under a nitrogen stream, 
10 ml of dry acetone was pipetted into the flask and the 
carbonyl infrared spectrum recorded. The concentration 

of compound 44 was obtained from the calibration chart. 
Using these values the total number of mmoles of compound 
44 in the reaction was calculated and recorded in Table 
XIV. ‘The values in columns 4, 5 and 6 were plotted against 
the reaction temperature, Fig. 64, showing a curve for 


each product in the reaction mixture.. 
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The Reaction of [m-CH C,H, Fe (CO) 5], and C1,SiH: 





A mixture of 2.44 gm [1 -CHC.H, Fe (CO) 5] (6.38 mmol) 
and 12 ml C1,SiH (excess) was heated at 115°C for 10 hours 
in a Carius tube. After the excess C1,SiH was drawn off, 
the reaction mixture was extracted with two 40 ml aliquots 
of hexane, leaving a bright yellow, powdery residue. The 
hexane was evaporated at reduced pressure resulting in an 
Oily,brown material. This was washed into a sublimer with 
pentane. After removal of the pentane, the oily residue 
was sublimed onto a water-cooled probe at room temperature 
at less than 0.01 mm mercury pressure. A yellow liquid 
slowly deposited on the probe. The infrared spectrum of 


1 with 


shoulders of medium intensity on each band at 2040 ean 


this shows two major bands at 2036 cmt and 1991 cm 


1996 em7+ respectively, Fig.12 . After no additional 


liquid C1,SiFe (CO) 47nC CH, deposited, sublimation was 


Blybits 
continued at 60°C onto a clean probe. Slowly a white, 
crystalline material deposited. This was recrystallized 
from a small quantity of hexane-at refrigerator temperature 
yielding a needle-like,white, crystalline product, 
(C1,Si) ,HFe (CO) mC;H,CH. ite melting, point-igizk = 122°C. 
The hexane-insoluble, yellow residue was extracted 
with 40 ml of dichloromethane and filtered, yielding an 


intensely yellow solution. Hexane was slowly added to the 


top of the dichloromethane filtrate. coarse needle-like 
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crystals rapidly formed at the interface, as the two liquids 
layers were gently disturbed. The product, 

[CH CH Fe (CO) 4)" [C1,Si) ,Fe (CO) C,H CH, 1”, decomposes slowly 
above 105°C. 

The undissolved residue from the dichloromethane ex- 

traction was extracted with more dichloromethane. After the 
first two extractions, the dichloromethane was only faintly 
yellow. The infrared spectrum of succeeding extractions 
showed no bands due to [(C1,Si) ,Fe (CO) mC.H,CH,] in the car- 
it 


bonyl region, while those due to [™CH,C,H,Fe(CO) , were of 


medium intensity. The undissolved yellow residue thus re- 
maining, [1CHC,H,Fe (CO) ,]"FeCl,, was analyzed for carbon, 


hydrogen and chlorine and the magnetic susceptibility was 


measured. 


Magnetic Susceptibility of [mCH,C,H,Fe (CO) ,]FeCl,”: 
* 
The measurements were performed at 23.3°C. An 
accurate weight of a standard, HgCo(SCN) y, 19.36 mg was 


weighed in the magnetic field. The increase in weight, 





* Measurements were carried out by E. D. Day in this 
department on a Magnetic forces and sample weights 
balance using a Cahn Gram Electrobalance. Field was 
provided by a Varian Model V-4004 four-inch electro- 
magnet system (V-2300A Power Supply, V-2301 Current 
Regulator) with tapered pole caps to provide a 
constant field times field gradient. 
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Af (HgCo (SCN) 4) = 0.3755 mg. Similarly an accurate weight 


4. 
of [™CH CH, Fe (CO) 5] FeCl, , 39.068 mg was weighed in the 


- : = 
magnetic field, Af({1CH,C,.H,Fe (CO) 3] FeCl, ) = 0.2100 mg. 
Employing the relationship: 

Xgm = Af(s) m(std) 


. Xgm(std) 
Af(std m(S) 


Xgm (HgCo (SCN) ,) So lOuci ods: UIttSs at 23.3°C 
=, .» 9.2100 19.396 


4 ) inna og 
ed al 5.068 


34.82 cgs units 


Xgm ( [TCH 3C H Fe (CO) 3] FeCl L6en27ilogs 


iz 


II 


Using this value in the following approximate relationship: 


n(n+2) nz n (n+2) 


ates! one bare 
Mol.Wt. ‘nme 2 


(2.83)°Txgm (2.83)°TXgm 8.25 x 107 
Values for n, the number of unpaired electrons of l, 
2, 3, 4 and 5 yield corresponding molecular weights of 


36014 207 10’, *282 7 °29T rand’425 8 "Mhe molecular weight’ of 


[TCH C,H ,Fe(CO) 3] FeCl, is 417. The measurement is in 


excellent agreement with a five unpaired electron system. 


Conductance Measurements 

A Phillips Model PR 9500 conductivity bridge was 
employed in conjunction with a cell containing a set of 
one cm? platinum plates one cm apart. Measurements were 
performed under nitrogen. The cell constant, K, was 


determined using a 0.0200 N KCl aqueous solution for which L 
1000L _ 1000K 
c CR 





; : : =1 
in’the equation: A. = aS. .0, 002768 cu .. 
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hg AB 


ohm7+ at 25°C. The resistance, R, of the solution was 


found 1.0 x 10° ohm, (K = LR = 0.002768 ohm 7 cm? 


TeO STC chin = OC 2 TES ch ee rg 


). Measurements were 
performed at two different concentations, c. The experi- 


mental values are listed in Table XII. 


Reaction of C1,S5iFe (CO) .Cp, 42, with MeOH, 


(MeO) ,SiFe (CO) ,Cp: 

To amagnetically stirred hexane solution containing 
1.68 gm C1,SiFe (CO) ,Cp (5.40 mmol) was slowly added 2.0 
ml of MeOH (excess). During this process, hydrogen chlo- 
ride was given off,- evidenced by the characteristic pungent 
odor. After one hour at room temperature, the reaction 
mixture was filtered and cooled to -78°C, resulting in 
the formation of a-pale yellow, crystalline material. After 
an additional recrystallization from 20 ml hexane, cooled 
in the refrigerator, the product (MeO) ,SiFe(CO) Cp, a 
coarse, sSticky,crystalline material had a melting point 


mfi4o =i S08 C. 


Reaction of C1,SiFe(CO)5Cp, 42, with Me HCOH. 


(Me HCO) ,SiFe (CO) ,Cp: 





A mixture of 1.50 gm C1,SiFe (CO) ,Cp (4.82 mmol) and 
3.0 ml Me,HCOH (excess) in 30 ml hexane was magnetically 
stirred at,55°C. for. 140 - 150 hours. The progress of 


the reaction was followed by infrared at 20 - 25 hour 
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intervals. These are shown in Fig. Aap The successive 
substitution of chlorine is evidenced by the appearance 
of a new set of multiplets. When the reaction appeared 
complete, it was filtered and cooled to -78°C. Crystal- 
lization was not observed. The solvent was drawn off at 
reduced pressure, leaving a light brown, oily material, 


(Me HCO) ,SiFe(CO) Cp. 


Trichlorosilyl-1-cyclopentadienylmolybdenumtricarbonyl, 


cL SiMo (CO) ,Cp: 


g 


A sample of 2.43 gm [CpMo (CO) 3] (4.95 mmol) in 


2 
7t Caml C1,SiH (excess) was heated in a Carius tube at 
130°C for 10 hours, during which the reaction mixture 
turned from reddish-brown to dark gray. After removal 
of excess C1,SiH, the residue was extracted with several 
aliquots of hot hexane and filtered. The combined 
colorless filtrate was cooled to -78°C, precipitating a 
white, microcrystalline material. This was sublimed at 
65°C onto a water-cooled probe at less than 0.01 mm 
mercury pressure. The cream colored deposit was 
dissolved in hot hexane, filtered and allowed to cool 
slowly in the EON PSE ee, yielding a coarse, cream 


colored, crystalline material, Cl SiMo (CO) Cp, which 


| 
melted at 149 - 150°C. 
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1t-Cyclopentadienylmolybdenumtetracarbony1l-Bis-trichlorosilyl 
w-Cyclpentadienylmolybdenumdicarbonylate, 


[CpMo (CO) 4] [ (C1 Si) ,Mo(CO) ,Cp1": 


To the hexane insoluble residue from the above reaction 
dichloromethane was added, resulting in a yellow solution, 
which showed four relatively strong carbonyl stretching 
bands. The solution was heated under a slight pressure and 
Parerca 10, resulting in an antensely yellow filtrate. 
Needle shaped crystals formed as the solution slowly cooled 
in the refrigerator...“ This prodtct;, [CpMo(CO) 4]” 

[(C1,Si) Mo(CO) Cp] is sparingly soluble in cold dichloro- 


methane. 
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CHAPTER V 


Photochemical Preparations of Silyl Transition Metal Hydrides; 
Properties and Preparation of Derivatives. 


Introduction 

A wide range of transition metal hydrides are known 
and the scope of their study is rapidly expanding with the 
development of instrumentation. Hydride complexes such as 
HCo(CO) 4, HReCp, and HPtC1(PPh3),, are of particular inter- 
est since they can be studied by a number of spectroscopic 


methods. The first transition metal hydrides, HCo (CO) , oa 


101 and H,Fe (CO) , 45,103 were characterized between 1930 - 
1940; however, HReCp, was the first hydride for which in 
1955 a metal proton signal was observed in the nmr spectrum 


at very high field P2aae faa” 


The study of this molecule 
represents a turning point in transition metal hydride 
chemistry and presently high field nmr signals are known 
to be characteristic for protons bonded to transition 
metals. 


The number and variety of transition metal hydrides 


complexes has since expanded immensely. Some examples 


follow. 

NaW(CO) ,Cp + CH,COOH + HW(CO),Cp + ... (186) [Vv.1] 
Coagt + 

(Ph3P) ,Fe (CO) 3 + H > [ (Ph P)],Fe (CO) 4H rhe eta (54) [V.2] 


PtC1(SiMePh.) (PMe.Ph) 5 be CL toe HPtC1 (PMe,Ph) 5 Sapa, SECURE Ri pe: 9) 


Na,Fe (CO) ,+ H,SiI > H,SiHFe (CO) , beh. « (S721 )IV.4] 
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HRhC1(SiMe.,) (PPh,) + H,O+diglyme H RhC1 (PPh3) , ieee 
(93) IV.5] 
F + - 
Cr (CO), +Et ,NBH, > Et ,N [HCr. (CO), 9] ak aA (4) [V.6] 
Fe, (CO) 15 + OH /CH ,COOH > [HFe,(CO),,] eee a Lop OLI ved) 


The hydrogen in transition metal hydrides may be 
either terminal or bridging. Examples of terminal hy- 


drides are provided by the first five equations, e.g: 


W Pt 
ee \ cH (Gee \pph3 
GCLTO 
52 oS 


For the bridging hydrides, as in the last two equations, 


the metal-hydrogen-metal bond is linear in [HCr5 (CO) 4] , 


Wher it is* bent * in [HFe,(CO),,] : 


O 
: Sees 
O Ly. 
O ote ee ee On 7) % Ryo 
| ae © | No Re ve 
ao CG eetQ es yas) \ 
@ pro) O if GeO 
O 54 o 
“ty La be 


The E.A.N. rule is not obeyed in all cases. For 


example, HPtC1(PMe.Ph) , and H,RhAC1 (PPh) 5 attain only six 
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joidsgps svit task? of ye pobavoxg O28 3 
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and seven of the eight and nine required electrons. 
Electronically unsaturated molecules of this type have a 


tendency to add an HX unit (HX = H Cot Ce ee ot 


et 3 ees 


to attain the inert gas electronic configuration. For 


etc) 


example, Rh(CO)C1(PPh and Ir(CO)C1(PPh ada’ CaS Sai 


3)2 3 
SiHIr(CO)C1(PPh 


3)2 


( 9 
3SiHRh (CO)C1(PPh,) , 3 3) 9 
36 


respectively - These reactions are often referred to as 


oxidative addition reactions iy Electronically unsatur- 


Eee ror Cl 3 and «CL 


ated carbonyl complexes of the first transition metal 

series are very unstable and have a high tendency to attain 

the krypton electronic configuration. Thus the cobalt 

analog, Co(CO)C1(PPh3) , is not known as a stable compound. 
It has been well established that carbon monoxide can 

be eliminated photochemically and replaced by other 

ligands facie For example, the irradiation of a hexane 

solution of Mn (CO) 49 and PPh, precipitates Mn (CO) 9 (PPh3) 5 

ees The irradiation of Fe (CO). yields Fe, (CO), HG. 

In both cases a carbon monoxide molecule is apparently 

lost first, forming the reactive intermediates; “Mn, (CO) 9" 

og and "Fe (CO) ," respectively. These then rapidly react 


with PPh jor in the second case Fe (CO). ,to form the 


3 
observed products. -Reactions of this type can be repre- 


sented in the following manner: 


HCO) a) are IM(co),_]7 + co ——» m(co) J [v.8] 


The reactive intermediate, Imo), 4)", although of 
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short lifetime may be considered analogous to the "unsatu- 
rated" rhodium and iridium a complexes mentioned above. 

It appeared as the present work developed, that addition 
of Si-H bonds to these unsaturated intermediates would be 
worthy of investigation; indeed, irradiation of Fe(CO). in 


5 


the presence of C1.SiH was found to yield Cl SiHFe (CO) , 


3 2 
presumably via an Fe (CO) ,* intermediate. This reaction 
proved to be rather general and by this method a variety 
of novel silyl transition metal hydrides have been syn- 
thesized, as will be described in this Chapter. 

The hydrogen atoms on most complex, transition metal 
hydrides are acidic. For example, HCo (CO) , is essentially 


104,105 


completely dissociated in aqueous solution and with 


: : + - 
bases such as ammonia, the ammonium salt H,N [Co(CO) 4] forms 
10 


- Most of the other simple carbonyl hydrides such as 


i bos eat 


HMn (CO) . or HMo (CO) 3Cp are extremely weak 


acids (i.e. Ka for HMn (CO), = 0.8 x Tomei aqueous 


solution) and do not form salts with weak bases 111. The 


disilyl hydride, (C1,Si) ,HFe (CO) Cp described in Chapter 


IV,-is also a véry Strong acias (estimated Ka = 2.6 x hae 


in acetonitrile). With the tetraphenylarsonium cation, 
the salt, Ph,As* [(C1,Si) ,Fe(CO)Cp] , has been prepared. 
The monosilyl hydrides such as C13S5iHFe (CO) , or 


regi SiHMn (CO) ,Cp are also acidic and form salts with Et.N or 


3 


Et,NCl. Closely related to this is the work by Aylett and 


Campbell on some silyl-amine reactions. These authors found 
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that the silyl carbonyls, H 6,8,10 


6, 7,10 


SiCo (CO) , and 


3 


3 , form 1:2 adducts with Me,N. These 


adducts are formulated as [H,Si (NMe,) ,"] [Co(CO) 4]7 and 


H SiMn (CO), 


[Hi (NMe,).]” [Mn (CO) .]-. The disubstituted silyl com- 


ie es 


, also forms only a 1:2 adduct, 


ex, (HS5i) ,Fe (CO) , 
(H51),Fe (CO) ,.2NMe,, raising in our view some question 
apout the nature of this adduct. It is interesting to 
note that for the related dihydride, H,Fe (CO) 4, Ka, =o 
eee and Kas tael.1 x. L0y-) °%.0t >?) making 
the carbonylate Mmonohydride an extremely weak acid. 


A reasonable explanation for the nature of the ionic silyl 


transition metal salts is suggested in this Chapter. 
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RESULTS AND DISCUSSION 


Li Syntheses and Properties 

The ultraviolet irradiation of carbonyl transition 
metal complexes,in the presence of a silane, leads to the 
formation of silyl-transition metal hydrides with the loss 
of carbon monoxide. In these reactions, a carbon monoxide 
ligand is apparently ejected by a Goede age energetic 
photon, producing the unsaturated intermediate, V.9. In 
subsequent reaction steps, it may recombine with carbon 


monoxide to form starting material, V.10, or add a silane 


and yield the observed product, V.11: 


hy 
ag? 5 SE es M(co) 47 cor ty. 97 
M(CO) 17 + Co a M(CO) [v.10] 
M(co),_4* Se Ss SiHM(CO)_) [v.11] 


At atmospheric pressure, carbon monoxide is sparingly 
soluble in hexane and escapes from solution. The con- 
centration of silane is always much greater than that of 
carbon monoxide and therefore the formation of product, 
Veil, £LOm m(Co) 7 is favoured’ as the main “réaction. 

The relative rates at which these reactions proceed 
with a variety of silanes are qualitatively consistent with 
a unimolecular dissociative process, V.9. In contrast 
to the thermal reactions described in Chapters III and IV, 


the relative rates at which silyl-transition metal deriva- 
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tives form in ultraviolet reactions with silanes, appear in- 
dependent of the electronegativity of the substituents on 
the silyl starting material. For example, Fe (CO), reacts 
at approximately the same rate at room temperature with 
PreoLieas wit Ph-oLhto* form’ CL SiHFe (CO) y or 


3 3 3 
Ph,SiHFe (CO) , respectively: 


se a ; 
CO DIOR 
Pere... *h3sit woth poals segs see) 
| CO OC | “SiR 
GO C 
(R=Clor Ph) if 2 
56 57 


The relative reaction rates do, however, vary with differ- 
ent transition metal carbonyl starting materials. The 
reaction of Cl,SiH and CpCo (CO) ,, under ultvYaviolet irradia- 
tion, doésr not yieid C1,SiHCo (CO) Cp until the reaction 
mixture 4s, allowed to warm to 45 — 50°C. «,(These obser- 
vations refer to the use of the same ultraviolet source 
in all reactions, i.e. 100 watt. utility lamp; c.f. sexpéri- 
mental section). This anomalous reaction, requiring an 
elevated temperature to proceed, is thus far not understood. 
| 
SS ly 
Comte OBS bit —-ae tee MALE Gant Clg SiCo(CO)yt 
OG tne DCO AGCB,| PH 
58 | SICIg [v.13] 
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The silyl transition metal hydrides display a wide 
range of physical and chemical properties. The low melting 
C1,SiHCo (CO) Cp is very air sensitive in its impure state 
and in solution. The pure, crystalline material may, 
however, be handled in dry air for brief periods of time 
without substantial decomposition. In the formation of 
C1,SiHCo(CO)Cp a substantial amount of Cl 


3 i 


also formed. The necessity to increase the reaction tem- 


SiCo (CO) y is 


perature appears to reduce the yield of the hydride 
drastically, resulting in a reaction mixture of extremely 
unpromising appearance. 


The product Cl SiHCr (CO) 5c from the ultraviolet 


Bans 


35148, is insoluble in 


a 
reaction of CeH_Cr (CO) 3 and Cl 


hexane.| It precipitates.in yellow, Microcrystalline form 
| hv 
Seen tole ice meee ere? ACG ae XO. 
Bcas| “co OZOH 
ae. OG sic [v.14] 
80 61 


from the reaction mixture and shows very little decompo- 


* 
sition . A near quantitative conversion of C,H_Cr (CO) 3 





* When the reaction was repeated by W. J. Jacobs in this 
laboratory, employing the 450 watt Hanovia lamp instead 
of the 100 watt ultraviolet source, (C1,Si) ,Cr (CO) 4C 
was obtained, which resembles (C1,Si) ,Co(CO) Cp ion. 
Chapter III) in stability, solubility and melting point. 
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may be obtained in oxygen-free hexane or heptane, under pro- 


longed irradiation,in the presence of excess C1.,SiH. In 


3 

the crystalline state the hydride is moderately air stable, 

but in dichloromethane at room temperature decomposition 

occurs rapidly in the presence of trace amounts of air. 
The complexes, C1,SiHMn(CO).Cp, 63, and 

(C1,Si) ,HFe(CO)Cp, 43, obtained at room temperature from 

ultraviolet reactions of C1,SiH with CpMn (CO) , 


3SiFe (CO) .Cp, are very similar in appearance and stabil- 


or 
Cl 
ity. Their formation is accompanied by a considerable 
amount of decomposition. Both crystallize from hexane 


as pale yellow needles which are moderately air stable. 


Vv | 
Pune + Cl3SiH en tM oth Re (IE) ER 
OGrzeh, aC@ OC7~ /\~H 
GO BC siCls [v.15] 
62 63 
hv 
Ee 6: Cl Site gS re” i eee 
OC . |»eisict OSM [v.16] 
CO ClaSi SCI, 
aS 43 


The disilyl hydride, (C151) ,HFe (CO) Cp, 43, was originally 


prepared in a thermal reaction; (cf. Chapter IV). The 
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reaction of ™CH3C,H,Mn (CO) , and Ph3SiH yields crystalline 


Ph 5 a Si 2 gal 


SiHMn (CO) 51. 4CcH3 


2 


<G-Hs <a ts 


| 
_Mn_* PhgSiH = dil niet Bn COP sr. 
OCTrale eq Ol) Welt [V.17] 
Ce OC SiPh3 
64 65 


The trichlorosilyl analog, Cl SiHMn (CO) 5m™C HCH 


5HyCH3, isa 


3 
liguid at room temperature. 
The hydride C1,SiHFe (CO) ,, is an extremely air- 
sensitive liquid at room temperature, but in its formation 
from Fe (CO) - and C1,SiH, very little decomposition is 
observed under prolonged ultraviolet irradiation. For 
high yields of C1,SiHFe (CO) ,, cooling of the irradiated 


reaction mixture is essential. Above room temperature a 


substantial amount of (C1,Si),Fe (CO), is formed as a side 


product: 
CO CO 
OG lat OC C 
aseore HG Gieebeae SEES: 3 4 
Sees ; OG Tatsdae SIEly 
ss [v.18] 
22 23 


UN Sait oy A $i Sagan On! & SiHFe (CO) , crystallizes from hexane as a white, 


3 


coarse, crystalline material. Sublimation into a cold trap 


at -78°C yields white transparent needles. The triphenyl- 


Pos 


oS loa 
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silyl analog, Ph,SiHFe (CO), ,is a white crystalline product 
at room temperature and in its pure state may be handled 
in air for brief periods without appreciable oxidation 
When Ph,SiHFe (CO) , is heated in hexane above room 
temperature the solution turns rapidly dark green, forming 


Pn. Sin, Fe (CO), and Fe,(CO),5- The products were identified 


3 
by infrared. The bands at 2023 cm! and 2000 cm! were 
assigned to carbonyl stretching bands of Fe (CO), and at 
2129 cm (broad) to the silicon-hydrogen stretching 


Vibration of Ph.SiH. From the solution a dark, crystalline 


3 
product, Fe,(CO),> was isolated. Its infrared spectrum 
showed bands at 2046 cmt, 2023 cm > and a very weak broad 
1 


band at 1840 cm~. 
It is suggested that under slight heating in solution, 


Ph SiHFe (CO) , dissociates into Ph.,SiH and "Fe (CO) ,". An 


3 
electronically unsaturated species like "Fe (CO) ,' 


would 
decompose or react rapidly with some other species in 
solution. In the absence of replacement ligands such as 
triphenylphosphine or carbon monoxide, successive insertion 
of "Fe (CO) 4" into the iron-hydrogen or iron-silicon bonds 


of Ph SiHFe (CO) , with the final eliminations of Ph,Sil 


s 


is one possible explanation for the formation of 


Fe, (CO), 5: 
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Hr | n f i 
(OC) Fe wo Fe(CO + Ph . 
66 ; [v.19] 
(ae 
meat “" cE; (CO) wu 
e ee 


_ (OC), Fe —SiPh3 
e cols 
pi oe 67 [v.19b] 


age ots re (CO),,* PhaSit 
iw. Loc | 


(OC) Fe — no 


68 


Numerous other processes may be occurring simultaneously. 


This reaction shows considerable decomposition and the 


encounter of carbon monoxide with ePeiCOy se would most 


probably result in Fe (CO) .- Heating of Cl SiHFe (CO) , in 


3 
solution yields no detectable amounts of Fe,(CO) 15, but 


mainly (C1,Si),Fe(CO) , and some gray insoluble residues. 
Triphenylphosphine readily replaces PhSil from 


Ph SiHFe (CO) 4 and Ph 


3 SiHMn (CO) 4™C HCH. to. .vield 


3 Bad ee 


Ph.PFe (CO) , and PhPMn (CO) .1C.H ,CH, respectively. Recent 


kinetic studies* of reactions of R,SiHMn (CO) »Cp with 





* . . . 
Kinetic studies carried out by A. J. Hart-Davis in this 


laboratory. 
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triphenylphosphine and other ligands have proven to be 
first order in carbonyl starting material and independent 
of replacement ligand, L, when R is a phenyl group, which 


would be consistent with the suggested mechanism below: 


esi SSOF 


i i i 
Mn Mn + ReRSiH Mien-b. 201] 
ee Ov eee ees fast J 
Behe OC CO ORE 
oe SIR3 Cth) 
69 70 As 


The reaction rate varies with different R groups on the 
starting material, (e.g. rate for Ph,SiHMn (CO) 5Cp ae 


C1,SiHMn (CO) ,Cp) . The rate-determining step may be the 
formation of the reactive intermediate, which then rapidly 
adcepis/ a iygdnd, LL. These kinetic’ rdsults support the 
suggested electronically, unsaturated intermediate when 
Silane is replaced by other ligands. The above mechanism 
is similar to the mechanism suggested for the formation 

of the hydride, which would be the reverse process. 

Lt <dis, interesting to note tin’ the study by-Chalk 

and Harrod that the bonding of silyl groups in the iridium 
complexes is mainly determined by the electronegativity 


of the substituents on the silyl moiety. The reaction of 


(EtO) ,SiH and Ir(CO)Cl1(PPh 
36 


3) 
- When this product is slightly heated at reduced pres- 


2 yields (EtO) ,SiHIr (CO) C1(PPh 3) 5 


sure the reaction is reversed and (EtO) ,SiH and 
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Tr (CO) C1 (PPh) may be recovered. With the trichlorosilyl 
analog, C1,SiHIr (CO) C1(PPh3) , ae synthesized in a similar 
Manner, a temperature of 200°C was required to effect the 
reverse process, while Ph3Sik forms no adduct with 


Ir(CO)C1(PPh.,) 5. 


It is generally observed that a triphenylsilyl group 
is more easily displaced than a trichlorosilyl group in 
‘these derivatives. For example, tetrafluoroethylene 


displaces Ph,SiH on Ph SiHMn (CO) .7C H,CH, at room temper- 


3 5-4 


ature, to yield (CF ,)Mn (CO) ,71C,H,CH3, 


SiHFe (CO) , it only abstracts the hydrogen, forming 


* while on 


Cl, 


[C1,SiFe(CO) J, and HF CCF 5H: 


C-¢H3 << y-CH3 


| 
ee a Mn 


Phe SiH 
EPA a Ut ers e 
pes \cs Ochs leeces 
OC SiPh3 Co CFe 
65 72 IVeeis 
Sloeat oc) 
tp} 6 aor O \ a 
+ FaC= sp 
era oa a IS. ai *Car4aHo 
é Ww RCO ess 
22 OC BE SiClk Be [v.22] 


* Reaction carried out by W. J. Jacobs in this laboratory to 


SiHMn (CO) 5 1C We ws Sea 


compare the reactivity of Ph 5H4CH, 


Nef 8 SiHFe (CO) ,. 
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The formation and chemical properties of 
{C1,SiFe (CO) ,], are rather peculiar. It precipitates in 
a bright yellow, coarse ,crystalline form in near quantita- 
tive yield from a mixture of C1,SinFe (CO) , and excess tetra- 
fluoroethylene in a small amount of pentane or hexane, 
when the mixture is allowed to warm up from -78°C to 
room temperature and gently shaken. Removal of the 
solvent and other volatile materials leaves the dimeric 
complex in a pure,crystalline state which is moderately 
air stable. In solution this compound breaks down very 
rapidly to Fe (CO) , and other unidentified residues. 
The infrared spectra of the carbonyl stretching vibra- 
tions for [Cl ,SiFe (CO) 4], in hexane are shown in Fig. 
70. Spectrum (a) is an immediate scan after the sample 
was dissolved and spectrum (b) is an immediate rescan 
(i.e. approximately 3 minutes later). Spectra (c) and 
(d) are rescans at 30 and 90 minutes respectively. Approx- 
imately 10% of the original complex remained in solution 
after 90 minutes. 

When [C1,SiFe (CO) 4], is heated in the solid state 
under vacuum,it slowly melts above 120°C to a semisolid 
of moist appearance and then resolidifies to a pale yellow 
powder,which was shown by infrared to consist mainly of 
[Cl,SiFe (CO) ,],- As the reaction cooled to room temper- 


ature, small quantities of liquid (shown by mass spectro- 
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metry to be a mixture of C1,Si and Fe (CO) ,) deposited on 


the wall of the reaction vessel. 


: A : p 
[C1,SiFe (CO) 4], Serger [Cl,SiFe (CO) ,]+ Cl -Si. —+ Fe (CO) , 


4 
Veeo | 
In carbon tetrachloride transition metal carbonyl 
hydrides such as HFe (CO) 5Cp or HMo (CO) ,Cp are known to 
exchange hydrogen with chlorine of the solvent to yield 
C1Fe (CO) ,Cp or C1Mo (CO) Cp and chloroform vo, A similar” 


reaction appears to take place when Cl SiHMn (CO) ,Cp is 


3 
dissolved in carbon tetrachloride. The nmr spectrum of 
C1,51HMn (CO) 5Cp in carbon tetrachloride, immediately 

after preparation of the nmr sample,does show the cyclo- 
pentadienyl and manganese protons at 5.1 1T and 19.8 T 
respectively, but the signals are very broad, showing 

signs of deterioration. After several hours at room 
temperature the sample decomposed completely in the sealed 
nmr tube, forming a black residue. The solvent from the 
decomposed sample was carefully distilled into a clean 

nmr tube in a vacuum system. The nmr spectrum of this 


showed only one signal at 2.80 tT corresponding to chloro- 


form. The anticipated counter product, Cl 
141 


354iMnC1 (CO) Cp, 


which would resemble C1l.,SnCoC1(CO) Cp was not isolated. 


3 
2s Structures 
The hydrogen in transition metal hydrides does 


occupy a definite coordination site and is not associated 
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loosely to balance the electronic charge only. For tran- 
sition metabthydrogen stretching vibrations to be observed 

in the infrared spectrum, a covalent bond must exist 

between these nuclei. The transition metal-hydrogen stretch- 
ing vibrations are of relatively weak intensity compared to 
the carbonyl stretching bands, but for some compounds 

ree can be observed in concentrated solutions. The 
broad,weak band at 1960 om in Fig. 46,was assigned to 

the iron-hydrogen stretching vibration of (C1,Si) ,HFe (CO) Cp. 
In carbon tetrachloride, the manganese-hydrogen stretching 


vibration of Cl.,SiHMn(CO),Cp is observed at 1887 com> and 
3 


ly aha TOTS TG. 


3 
the carbonyl stretching bands at 2026 cm 


The infrared spectrum of the deuterium analog, 


CL SiDMn (CO) 5Cp, which was prepared from CpMn (CO) , and 


3 


C1,SiD, confirms this assignment. At a similar concen- 


3 
tration in carbon tetrachloride, the band at 1887 cm~t is 

lacking; however, a new band at 1360 cue the manganese- 
deuterium stretching vibration, is observed. The carbonyl 


1 and 1973 om. Coupling 


stretching bands are at 2026 cm 
between the manganese-hydrogen and carbon monoxide 
stretching bands is very small. A change of approximately 
two wavenumbers only is observed in the low frequency 
carbonyl band. More extensive coupling between the 
osmium-hydrogen and carbon monoxide stretching vibrations 


in H,Os(CO),,causes shifts in the low frequency carbonyl 


bands of 10 - 20 cm™+ to higher frequency, relative to 
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those of DOs (CO) , 146° 


The increased internuclear distance of 3.40 A between 
the rhenium atoms in HRe»Mn (CO) , , S compared to the 
rhenium-rhenium distance of 3.02 A in Re, (CO) 45 ou also 
suggests a definite position of the hydrogen, although it 
was not located by X-ray crystallography. In the nmr 
spectrum, Fig. 62, equal coupling of the iron-proton in 


ao 3% in both silyl positions indicates 


(C1,Si) ,HFe (CO) Cp to 
the location of the hydrogen equidistant to both silyl 
groups which are chemically equivalent. The relatively 
small size of the hydrogen as a ligand may allow substantial 


distortions of the adjacent ligand from the regular 


structure. For example, in C1,S5iHFe (CO) 4, 1opoat could’ be 


Bpectel that the H-Fe-CO bond angle in the equatorial 

plane be less than 90°, while the corresponding CO-Fe-CO 
bond angle be greater than 90°. With sufficiently bulky 
ligands replacing the hydrogen, alternative isomeric arrange- 
ments which are structurally more favoured may be antici- 
pated (cf. Chapter II for discussion of (CO) ,Fe (SnX3) 5 

Wy Ook Ra 2 gh a) 2 Yk 


It has been suggested,on the basis of infrared 
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205. 
results , that molecules such as CpMo (CO) ,LI (L - ter- 


tiary phosphine or phosphite) may exist in the ets or 
trans form in which the carbon monoxides, iodine and the 
ligand, L, form the base of a distorted square pyramid 


ial ia These molecules 


with py atehedtadiene at the apex 
show two intense carbonyl stretching absorptions in the 
infrared spectrum. For the cts isomer, ther band at higher 
frequency iS more intense, while the band at lower 
frequency is more intense for the trans isomer. The 
infrared spectra of the silyl transition metal hydrides 

Cl ) 


SiHMn (CO) 5Cp, Ph SiHMn (CO) 41C HCH and C1, ,SiHCr- 


3 3 Sa PEE hs 3 
(CO) .C, He, which show a more intense high frequency band 


in each case, are consistent with the ects structural 


arrangement: 
a ees Cr 
q 
Mn Mn Gr 
ager ji\ F OC) RH OC~/\H 
its SICl3 OC SIPh3 OC SICl3 
63 oe oe et 


In Figures 71, 72 and 73 are shown the infrared spectra of 
these molecules. When the hydrogen is replaced by bulky 
ligands such as c13Sn ; Phcl.Sn wor Ph,C1sn , then the 
intensity pattern of the carbon monoxide stretching vib- 
ration in the infrared spectra are inverted, suggesting 


the trans arrangement. The infrared spectra of 


C1,Sn(C1,51) Mn (CO) Cp, C1,5n(C1,Si)Mn (CO) ,1C H .CH 
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C13 Si(H) Mn (CO)2CsHs 


Figure 71 


Figure 72 
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Cl3Si(H)Cr (CO)2CgH, 


Figure 73 


Figure 74 


a 
vs 





Hide ited 
FeO DotA (jie 
LT }nbA(H)i2 Baha 
a ty | 7 
exupl't 3 
* 1 - ; 





ih ase 
2H220 
avi 





BOs 
PhC1 Sn (C1351) Mn (CO) .1C,H,CH, and PhoC1Sn(C1,Si)Mn(CO) , 


TC HCH 3 are shown in Figures 75 - 78 which are consistent 


with the suggested trans arrangement. * 


c> co ors 


3 oe oe ~SnCl O Zari OCF 
3 Gi NES / > SnCIPh 
CI3Si CO Cl3Si CO en Cl3Si CO = 
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She Acidic Properties of Hydrides. 

Complexes in which the hydrogen is bonded directly 
to the transition metals are generally referred to as 
hydrides, implying that the hydrogen is of hydridic 
nature. Most complex hydrides are, as noted above, acids 
and in aqueous media dissociate to yield the carbonylate 
ipn-— For HCo (CO) , and HMn (CO) ., Ka values are approxima- 
tely 1.0 and 0.8 x ieee respectively SG Stir | An 


exception to these is Cp5ReH, which acts as a Lewis base. 
88 


Its base strength is similar to that of ammonia ; 


with boron trifluoride it forms an adduct, Cp,ReHBF, 
Chlorosilyl derivatives are extremely sensitive to 
moisture,and in aqueous media hydrolyze very rapidly. In 


polar organic solvents, the silyl-transition metal hydrides 





* 
The infrared spectrum of (C1,5i)Cr (CO) oC cH, prepared by 
W. J. Jacobs in this laboratory is also consistent with 


the trans arrangement. 
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Figure 75 


Figure 76 
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Figure 78 


Figure 77 
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i" CIsSiHFe (CO), in CH3CN 


a.500 cps sweep below TMS 
b. 500 cps sweep above TMS 
c.]000 cps swoep above TMS 












——. 
WW = = 
f Clg SiHCHCO)2 CgHy in CH3CN 
tee Figure 80 
CH3CN + 70Scps | 
| TMS +705 cps 





Hiatt 


ChSiHMa(CO},CsHs in CH3CN 





a.500cps sweep balow TMS FS | 
b.500 cps sweep above TMS Pigure 81 | 
¢.}000cps sweep above TMS Lt 
d.O00cps sweep above TMS | 
spectrum amp. x20 


19.70r 











t ClSiHCo(CO)CsHs in CYCLOHEXANE 


a.500cps sweep below TMS hs 
b.500cps sweep above TMS F. gure 
¢.000cps swoop above TMS 


d.jJCOOcps sweep above TMS 
spectrum emp x50 


209. 





Site 


are acidic. For example, (C1 ,Si) ,HFe (CO) Cp in acetonitrile 
has a Ka value of approximately 2.6 x epee and the cyclo- 
pentadienyl protons of the dissociated and undissociated 
Species can be observed in the A NA In acetone 

it is completely dissociated. The tetraphenylarsonium 
salt, Ph As" [(C1,8i) ,Fe (CO) Cp] can be prepared (cf. 
Chapter IV). 

The monosubstituted chlorosilyl hydrides are much 
weaker acids and show no signs of dissociation in aceto- 
nitrile when stable in that solvent. The nmr spectra of 
C1,SiHFe (CO) ,, C1,SiHCr (CO) ,CeHe, C1,SiHMn (CO) 5Cp and 
C1,SiHCo (CO) Cp are shown in Figures 79-82. Cyclohexane was 


employed as solvent for C1.,.SiHCo(CO)Cp, which immediately 


a 
decomposes in acetonitrile. All spectra show sharp signals 
in the low field region. The absorptions of protons bonded 
to manganese and cobalt are very broad signals at high 
field. This broadening is presumed to be due to the quad- 
rupole moment of these transition metals. The natural 


abundance of the isotopes (hin, spin. 5/2; he 


let ctejee ke! et ye Me 
is 100%. Chromium and iron do not have isotopes of sig- 
nificant abundance with a quadrupole moment, and the 
protons bonded to these transition metals show sharp 
Signals in the nmr spectra. 

Although these hydrides show no signs of dissociation 


in acetonitrile, they are sufficiently acidic to form . 


adducts with tertiary amines. The addition of triethyl- 
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ALE 


amine to a hexane solution of C13SiHFe (CO) , immediately 


precipitates a white Microcrystalline product, which is 
apparently Et,NH[C1,SiFe(CO) ,]-. This salt is extremely 
air sensitive fa therefore was not analyzed directly. 
The tetraethylammonium analog, Et ,N"[C1,SiFe (CO) ,]7, can 
be prepared by passing nitrogen through a dichloromethane 
NCY.4 Vlones salt 


solution containing Cl SiHFe (CO) , and Et 


3 4 

faesat Move air’ istable,;and in its pure crystalline state 

can be handled in air for brief periods of time without 

apparent decomposition. The infrared spectra of 

Et ,N’ [Cl,SiFe(CO),]/, Et,N"[Ph,SiFe(CO) 41", 

Et,NH’ [Ph,SiFe(CO) ,]~ and Me ,N” [C1,SiFe (CO) ,]", are shown 

in Figures 83 - 86. The major carbonyl stretching bands 

of all these iron tetracarbonyl salts are very similar. 
The basic chemical difference between the triethyl 


and tetraethylammonium salts appears to depend on the 


ability of the former to dissociate reversibly: 


Et NH” [C1,SiFe(CO) ,]7 a1 RENE Cl 


a a = 3SiHFe (CO) , [v.24] 


5 
The extreme suceptibility of Et,NH” [C1,SiFe (CO) ,]7 £6 alr 


can then be explained by the formation of Cl SiHFe (CO) ,, 


3 


which is extremely air sensitive. A similar dissociative 
process cannot take place with Et,N'[C1,SiFe (CO) ,]~ and 
the salt is more air stable. The infrared spectrum of 


Et NH” [C1,SiMn (CO) ,Cp] 7 in dichloromethane, Fig. 88, 


= 


shows further evidence in support of this type of reversible 
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equilibrium for the triethylammonium salts. 

The infrared spectra of C1,SiHMn (CO) ,Cp and 
Et,N" [C1,SiMn (CO) ,Cp]7 in dichloromethane, Fig. 87 and 90, 
show the predicted two carbonyl stretching bands for each 


complex. In dichloromethane, Et NH" [C1,Simn(CO)Cp]7, 


3 


Fig. 88 shows bands due to both Cl SiHMn (CO) .Cp and 


3 
[C1,51iMn (CO) ,Cp] : 


Et,NH" [C1,SiMn(CcO),Cp]” 2 Et,N + C1,SiHMn(cO),cp — [v.25] 


a 3 


The effects of excess Et.N are shown in Fig. 89, the 
equilibrium is shifted to the left. The presence of 
additional bands in Fig. 88 and 89, than those which can 


be assigned to C1,SiHMn(CO),Cp and [C1,SiMmMn(CO) ,Cp]~ 
g 2 3 oe 


3 
Suggests that a more complex system of equilibria is 
Ppeeeenu.. than*rs indicared™py'the above equation? +The 
stability of Et ,NH” [C1,SiMn (CO) ,Cp]~ in air is comparable 
to that of C1,SiHMn (CO) 5Cp, allowing a satisfactory 
characterization by elemental analysis. 

The tendency of these complexes to dissociate is 
also reflected in their observed melting points. For 
example, Et ,NH” [C1,SiMn (CO) ,Cp]~ melts between 28-31°C, 
while Et,N* [C1,SiMn (CO) Cp] ~ only slowly decomposes above 
190°C. Similar differences are observed with other 
triethyl and tetraethylammonium salts. 


The triphenylsilyl-transition metal hydrides show 


lower acidities than the trichlorosilyl analogs. When 
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triethylamine was added to a hexane solution of 

Ph,SiHFe (CO) 4, a quantitative precipitation of the salt 

was observed, but when triethylamine was added to a hexane 
solution of Ph3SiHMn (CO) Cp no apparent change occurred. 
The infrared spectrum of Ph,SiHMn (CO) ,Cp and triethyl- 
amine in dichloromethane showed only unreacted hydride. 

If the equilibria observed in the infrared spectra of 

the triethylammonium salts in dichloromethane are correl- 
lated to acidities, a relative order of acidities can be 


estimated for these hydrides in dichloromethane: 


Cl SiFe (CO) ,>Ph SiHFe (CO) >C1,SiHMn (CO) 9Cp?Ph SiHMn (CO) 5Cp 


3 3 “ 3 


The silyl transition metal carbonyl derivatives, 


H SiCo(CO) y, H3SiMn (CO), and (H3Si)5Fe (CO) , reported by 


nd) oe, 


3 


Aylett et al. behave as Lewis acids With 


trimethylamine these form 1:2 adducts which are postulated 


to be ionic complexes such as [H,Si (NMe,) 1” [Co(CO) 4]~ 6 


and [H,Si(NMe,)5]” [Mn (CO) ,]~ 7 surprisingly, 


(HSi) Fe (CO) , also forms only a 1:2 adduct with excess 


2 
trimethylamine, (HSi) ,Fe (CO) ,.2NMe, tir tl Its infrared 


spectrum in the solid shows carbon monoxide stretching 
bands at 2078m, 2042m, 1991s, 1917s, 1868vs, 1842ssh cm ?. 


The hydride H3SiHFe (CO) , also forms an adduct, but of 
uncertain composition relative to trimethylamine, 


H SiHFe (CO) ,.nNMe, ae whichshows carbon monoxide stretching 


3 
bands at 2055sh, 2050m, 2044, 1990m, 1919m and 1863vs on. 





















i on ios lytarss  meitw sid .soVaeede “20H, 
| | b “ 


SUth3 OF G2, (OD) MHS dt” 0 asi suitoaly 

MEL At Mo mMassege herexsAe - art tr 
wote ensilt amMOTO. moth pied aig , 
a hewso ado 6 éixdiliupe- one) 
aiid SiR ak arise el 
ro svilalez «& ~asid thos OF DE 
fe te ‘pebi tbyd scsi +163 Sstem 


z 
) 
- : : ~ 
2 y .) 
~ a © 
oo 


<, (00) sania re, (00) 
) J ‘o 


| 9, Leta 4 tanmn29 * ant - ag F: 

, (09) S35. 122. 7) Bret 4 (Others et j “(Chere 

| Hios  ziwed- es svsded 4 iy 2s : ‘pte 

s. dp itw singbbs Sel, m0% sage “phd by sophia 

‘ty 9} 9 vege tsi 2-H 28 Hous naKel que rice 


+ = 


“ nd Ly 
i wt enieiaqaua 3 “tgkooyawa? ‘te _—— 
tno saw taubba $ Sth. & \#a0 ates als, Sica ss 


‘ a, 
> ite® 


.. 
@ 


216. 


The former of these amine adducts, (H,Si) ,Fe(CO) ,.2NMe, was 


postulated by Aylett as "partly ionic" with one amine 


coordinated to each silyl group, 77, oo eee H,SiHFe (CO) , .nNMe 


els se: SiH2sNMe 
Cras 
oc | siH3<NMe3 
CO 
ae 


was formulated as an ionic complex, [H,Si.nNMe,]” [HFe (CO) 4]~ 


Hy. The precise nature of these complexes remains somewhat 


Ge anvuncertainty, according to the data in the publications 
of Aylett and his coworkers ae 

Comparison of the data of these authors to our 
infrared results for the triethyl and tetraethylammonium 
salts of C1,SiHFe (CO) y, Phy 3 


does shed some light on these anomalies. The infrared data 


SiHFe(CO) ,, and Cl SiHMn (CO) Cp, 


for the related irontetracarbonyl derivatives and iron- 
tetracarbonylate salts are shown in Table XVII. Note the 
relative values for carbonyl stretching vibrations of 
[Ph,SiFe(CO) 4] ~ and the low frequency region of the tri- 


methyl amine adducts, (H3Si) ,Fe (CO) ,.2NMe, and 


H SiFeH (CO) ,.nNMe, Pot The trimethylamine adducts described 


2 
a as 


by Aylett et al. probably more closely resemble ionic 


complexes such as [HSi(NMe ,) 5] "[H,SiFe (Co) ,]7 and 


Me NH" [H,SiFe (CO) ,]) which are capable of reversible dis- 


3 


sociation: 


3 
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: uy ; “ ; 
[H,Si (NMe 3) 4] [H,SiFe (CO) 4] ~ 2Me,N + (H,Si) ,Fe (CO) , 


[v.26] 


my . a . 
Me ,NH [H,SiFe (CO) 4] ~ Me,N + HSiFeH (CO) , [v.27] 


The shifts in band frequencies of 5 — 10 om™> of 

fen (CO) ,1 9, relative to [Ph,SiFe(CO) 4], as also observed 
in other molecules which are related in a similar manner. 
For example, HSiFe (CO) 5Cp and Ph,SiFe (CO) 4Cp show carbon 
Me ee yirations at 2010, lae2.cm and 2005," 199% om” + 
respectively (cf. Chapter TL) ne mal contribution in 
the carbonyl infrared spectrum for these complexes is due 
so the silylirontetracarbonylate, [H,Sire(CO),] - Addition- 
al bands observed by Aylett in the spectrum of 

Me NH" [H,SiFe(CO) 4] at 2044 om + and 2050 om > correspond 
with the reported values ror HSiFfeH (CO) , wer not unexpected 
in view of the dissociation which is proposed here. The 
infrared spectrum of (HSi) Fe (CO) 4 shows numerous 
shoulders in addition to the main broad carbonyl stretching 
bands, given in Table XVII, which does not allow unambigu- 
ous recognition of (H3 Si) aFe (CO) q by infrared, when ite LS 
present in small quantities in some other compound. The 
infrared spectra of Et,NH" [Cl , SiMn (CO) eles , Fig. 88 and 

89 show also bands that cannot be attributed to 
C1,SitMn (CO) 4Cp oF [cl ,Simm(CO) Cp] . Other more complex 
equilibria than are suggested by the above equations, 


either in the original synthesis of these ionic complexes, 
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or in solution when the complex is dissolved, may perhaps 
form species which have their own distinct infrared spectra. 
For example, the infrared spectrum in dichloromethane of 
the precipitate from the reaction of C1,SiHFe (CO) , and 
Me ,N in hexane, shows all the bands anticipated for 
[C1l,SiFe(CO) ,] , but also several other bands which could 
not be assigned to any known species. Recrystallization 
of this material from a dichloromethane-hexane mixture, 
or the addition of excess trimethylamine, resulted in 
products having very complex infrared spectra. 

Ideally, the anion [Cl,SiFe(CO) ,]— should be iso- 
structural with C1,SiCo(CO) , ,which Hesyea trigonal bipyra— 


midal structure. 


ay kel 
Si lose Chee | AG, 
Si Si 
i 
CO CO 
f8 ves) 


For C3, symmetry ,~° these complexes should show three 


infrared active carbon monoxide vibrations. The carbon 
monoxide stretching modes for an XM(CO) , system, shown 


below, are highly coupled. The symmetric stretch of all 
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carbon monoxides, At sb ene of highest energy, while the 
BE modes are of lowest energy. The infrared spectrum for 
C13SiCo(CO) 4 is shown in Fig 38. The intense,low frequency 
band in the infrared spectrum for [C1,SiFe(CO),] , Fig. 

83 and 86,shows signs of splitting, suggesting that a pure 
C3. symmetry surrounding the iron atom is not present in 
the molecule. The infrared spectra of Et ,N" [Ph,SiFe (CO) ,]~ 
and Et, NH [Ph,SiFe(CO) ,]\, Fig. 84 and 85, are very 
similar to those of the chlorosilyl analog. 

A study by Edgell’et al. of Na" [Co(CO) ,]7, in THF- 
water mixtures,indicates that ton patring of the cobalt 
tetracarbonylate ion lowers it symmetry,as indicated by 
the splitting of the carbonyl band in the infrared 
spectrum — An undisturbed tetrahedral symmetry of 
[Co(co) 4] would show only one carbon monoxide vibration. 
In pure THF, three carbon monoxide frequencies are observed. 


These merge into one,smooth,symmetric band when water is 


/ 
added to the solution. In conjunction with conductivity 
measurements over a concentration range, Edgell et al. 
proposed Fa that water hydrates the sodium ions such that 
they become tOObulky for effective ion pairing. 


“The apparent splitting of the E mode in the infrared 


spectra of the [R,SiFe (CO) ,]- anions, Fig. 83 - 86. may 
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perhaps also be due to ion pairing. The infrared spectra 


of the related octahedral complexes, Cl SiHFe (CO) ,, 


3 
(C1,S5i) ,Fe(CO) y and Ph,SiHFe (CO) , in hexane and dichloro- 
methane are shown in Fig. 91-94. The weak, low frequency 
bands at 2023 cm > and 2000 :cm~ in Fig./9liand 93 are due 
to trace amounts of Fe (CO). ,which forms in the decompo- 
Sition of thede hydrides. Fig. 93 and 94 demonstrate 

the contrast in resolution of the same complex in hexane 

or dichloromethane as solvent. The triethyl and tetra- 
ethylammonium salts are insoluble in hexane and in dichloro- 
methane, Fig. 83 - 86, extensive band broadening is 
observed. Comparison of the infrared spectra for 

[Cl.SiFe (co) ,]- and [Ph,SiFe(CO) ,] to the spectra for 

Cl 


SiHFe (CO) ,, Ph SiHFe (CO) , and (C1,S1i) ,Fe (CO) , does 


o) 3 
suggest considerable similarity. 

In ion pairing, two extreme possibilities may be 
envisaged which could explain the observed anomalies in 
the infrared spectra. Firstly, the approach of the cation 
in ion pairing could cause a distortion of the ligands on 
the anion from a trigonal bipyramidal structure to an 
octahedral arrangement, 81; and secondly, the basic 
trigonal bipyramidal structure of the anion remains 


unchanged, but the close proximity of the cation removes 


the degeneracy of the E modes, 82. 
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Either of these two structural arrangements would be con- 
Sistent with the observed infrared spectra. 

Although small distortions of the ligands caused by 
the crystal packing may be expected in the solid state, 
it seems unlikely that a cation will occupy a distinctive 
coordination position. For example, the basic structure 
of the anion in Et,N’ [HFe,(CO),,], in the crystalline 
state, is essentially ‘the samecas))that ‘of Fe3(CO),> a: 
The structure of Et ,N” [C1,SiFe (CO) ,]~ as suggested by 81 
seems unlikely to be achieved, but represents a limiting 
distortion. 

The cobalt tetracarbonyl derivatives of the unsym- 


metric group IV ligands,such as MeH.SiCo(CO), tacky 
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Phcl GeCo(CO) , ,and Ph C1SnCo (CO) , , show splitting 


2 az 
of the E mode in the carbonyl stretching region. Close 
proximity of the cation in any of the three positions 
between the equatorial carbonyls, 82,could cause a similar 
lowering of the symmetry,as is observed for the above 


unsymmetric cobalt tetracarbonyl derivatives. The detailed 


nature of these complexes in solution, however, is not known. 
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4. Reactions of Anions 

The chemistry of the silyl carbonylate salts is 
virtually unexplored, but initial investigations in this 
work indicate that they form a new source of carbonyl 
anions which may be employed in syntheses of metal-metal 
bonds between group IV elements and transition metals. 
These anions displace chlorides on sufficiently strong 
Lewis acids such as Sncl,, but the hydrides do not react 


with Sncl,: 


eal SiHMn (CO) .Cp + Sncl —x~— > HCl + C1,5n (C1351) Mn (CO) 5Cp 


3 
| [V.28] 


+ 


The chemical behavior of these salts resembles that of the 
trimethylamine adduct reported by Aylett et al. For 


example, H SiMn (CO) ; is inert to hydrogen chloride, but 


3 
the adduct, [H,Si (NMe ,),}" [Mn (CO) ,], reacts rapidly with 


hydrogen chloride, forming H,Sicl, HMn (CO) - and Me ,NHC1 ou 


The reactions of the silyl carbonylates with tin 
halides are very similar to those described in Chapter II: 


(e.g. Ph,Sncl + Na™ [Mn (CO) .]7 + Ph 


3 SnMn (CO) + Nia pag 


3 


+ - 
Et,N’[C1,SiFe(CO),] + SnCl, + Et,NCl + C1,Sn(C1,Si) Fe(CO) , 


4 
[v.29] 
+ F — F 
Et ,NH [C1,SiFe(CO) 4] + C13Sn(Cl ,Si) Fe(CO) , 
> Et ,N.HC1 + Cl,Sn[Fe(CO) ,Sicl,], 


[v.30] 
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vat - 
Et,NH [C1,SiMn(CO),Cp]” + Ph,Sncl, 


+ Et,N.HC1 “ Ph,C1Sn (Cl 351) Mn (CO) Cp 
Aya S| 


a - = : 
Et ,NH [C1,SiMn (CO) ,1C,H,CH,] Fe C1,5n(C1,S5i)Mn (CO) 51C,H, CH, 


> Et,N.HC1 + C1,Sn[C1,SiMn (CO) 7C HH 


pERs tacts ls 
She | 

These reactions are carried out in dichloromethane. * 
For monosubstitution on the tin atom it is essential that 
the anion in solution is added slowly to a solution con- 
taining excess SnCl,. The disubstituted tin derivatives 
such as C1,Sn[C1,SiMn (CO) ,Cp], may be obtained by adding 
two moles of the ammonium salt to one mole of SnCl,; how- 
ever, it is more convenient and the side reactions are more 
easily controlled, when equimolar quantities of 
C1,Sn(C1,Si)Mn(CO),Cp and Et NH’ [C1,SiMn (CO) Cp] 7 are 
reacted. The reaction of equimolar C1,Sn(C1,Si) Fe (CO) , 
and Et NH” [C1,SiFe (CO) ,]” in dichloromethane precipitated 


3 
C1,Sn[Fe (CO) ,Sicl,],**, an orange yellow, crystalline 





* Dichloromethane slowly reacts with amines to form ammonium 
salts of undetermined composition. These reactions, how- 
ever, are much slower than the above anion reactions and 
do not interfere significantly. 

**Preliminary results of the crystal structure determination 
for Cl,Sn[Fe(CO) ,SiCl,], yield the following data: orthor- 
hombic unit cell, P2,2,2 space group, Cell dimensions; 

Be 1 boa e110 2A angie 99.86 A, density = 2.15 
gm/cc, two asymmetric units/unit cell. Personal communi- 


cation K. A. Simpson and M. J. Bennett of this department. 
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material, when the reaction mixture is allowed to warm up 
Slowly from -78°C to room temperature. If this reaction 
mixture is allowed to remain at room temperature then 
C15Sn[Fe (CO) 4Sicl.], Slowly redissolves with evolution of 
carbon monoxide, resulting in a dark red, transparent 
solution. After removal of the solvent, a red, viscous oil 
remains which does not readily crystallize. Eventually 
some See te material forms after several weeks in a 
dichloromethane-hexane mixture. This appears to be some 


ionic complex such as Et NH [Fe, (CO) Si,SnClg], however, 


3 


this material has not been fully characterized. 


Recrystallization of Cl Sn[C1,SiMn (CO) ,1C CH], from 


2 54 
a benzene-hexane solution yields a coarse, orange crystalline 
Product which contains one benzene molecule per three complex 


molecules, C1,Sn[C1,SiMn (CO) ,1C 1/3C¢He. The 


Bele 
composition of this crystalline material remained unchanged 
when it was expo:ed to high vacuum for several hours. The 
benzene protons >» observed in the nmr spectrum at 2.68 T 
in deuterated dichloromethane. 

Silyl transition metal tin derivatives which have 
thus far been synthesized, employing the new silyl transition 
metal anions are listed in Table XX. In reactions of 
Et NH” [C13SiMn (CO) ,1C,H, no 


the reaction.becomes progressively slower with the increase 


CH] with the Cl SnPh, series, 


inn. When n=2, the reaction is exceedingly slow and the 
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yield of the product is very low. For n=3 no product 
(i.e., PhSn(C1,Si)Mn(CO) 51C,H,CH,) has so far been isolated. 
It is interesting to note in these reactions that the 
Silicon-chlorine bond is relatively inert compared to the 
tin-chlorine bond. This apparently is related to the dif- 
ference in ionic character of these bonds. The silicon- 
chlorine bond has a greater degree of covalent character 
than the tin-chlorine bond,and although chlorosilanes are’ 
occasionally used in anion reactions for the preparation of 
silicon transition metal bonds, this synthetic method is 
not as commonly employed for the silicon derivatives as 


for the germanium and tin analogs. 
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Cl3Sn(ClgSi)Fe(CO), 


Figure 95 











Cl2Sn[Fe(CO),SiCly] 2 201. in Hexane 


Figure 97 
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CgHsCloSn(Cl3Si)Fe({CO), 


Figure 96 
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ClaSn[Fe(CO), SiCl3], in CH2Cl 


Figure 98 
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EXPERIMENTAL 


Starting materials and general techniques described 
in Chapters II, III and IV are applicable in this section. 

In the preparation of silyl transition metal hydrides, 
all reactions were carried out in the fume hood,with the 
reaction mixture at atmospheric pressure. The reaction 
mixture was open to an oil-filled bubbler which Bticved the 
carbon monoxide formed in the reaction to escape. Large 
scale reactions, 200-250 ml, were carried out in a Pyrex 
vessel equipped with a water=cooled, quartz finger, joined 
by a 60/50 standard taper ground glass joint. A 450 watt 
ultraviolet light source (Hanovia High Pressure Mercury, 
679A) attached to a power supply,was placed inside the 
quartz finger. Reactions on a smaller scale, 40 - 60 ml, 
were carried out in a quartz vessel equipped with a water 
cooled finger and a reflux condenser. This system was 
irradiated externally with a 100 watt ultraviolet light 
source (Hanovia Utility Lamp, 616A). 

Nitrogen was passed through the reaction vessel, 
prior to the addition of the starting materials and the 
solvent. An inert atmosphere was maintained by the carbon 
monoxide formed in the reaction. In the isolation and 
purification procedure, utmost precautions were taken to 
maintain an inert atmosphere. 

Starting Materials 


mCyclopentadienylcobaltdicarbonyl, CpCo (CO) 5; 
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mBenzenechromiumtricarbonyl, mC EH Cr (CO) 3; and mCyclo- 
pentadienylmanganesetricarbonyl, CpMn (CO) 3 were purchased 


from Strem Chemicals Inc., 150 Andover St., Danvers, Mass. 


mMethy lcyclopentadienylmanganesetricarbonyl, mCH3C,H ,Mn (CO) 3 
was obtained from the Ethyl Corporation, 100 Park Avenue, 


New York 17, N.Y. 


Tetrafluoroethylene, CF5=CF 5, was purchased from Peninsular 


Chemresearch Inc., Gainsville, Prorzda, “rasi'e: 


Deuterated trichlorosilane and dichloromethane, C1.,SiD and 


3 


CD Cl. were purchased from Merck, Sharp and Dohme of 


2 


Canada Limited, Montreal. 


Trichlorosilylirontetracarbonylhydride, C13S5iHFe (CO) y: 


The large scale ultraviolet reaction - vessel was 


Giearged with 15 mil Fe(co) (22 gm, 0.11 mol), 20 ml 


5 


C1l,SiH (27 gm, 0.20 mol) and 180 ml heptane. With the 450 


S 
watt,water-cooled, ultraviolet source the reaction mixture 
was irradiated for 24 hours. During this process carbon 
monoxide evolved quite rapidly,initially, but very slowly 
at the end. The peeien mixture was decanted under 
nitrogen into a 500 ml round bottom flask equipped with a 
stopcock. At reduced pressure, the volume of the reaction 


mixture was reduced to 120 - 150 ml, eliminating almost all 


unreacted C1,SiH. The remaining solution was filtered under 
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nitrogen pressure through a 10 - 20 yu glass Sinter. The 
yellow,clear filtrate was cooled to -78°C, which resulted 
in the crystallization of a white product. The cold sol- 
vent was decanted and the vessel refilled with 100 ml 
pentane. The clear solution was again cooled to -78°C, 
which crystallized a white material. This recrystalliza- 
tion process in pentane was repeated 3 - 4 times. The 

cold solution was decanted and the remaining pentane was 
removed at reduced pressure, leaving a viscous, pale yellow, 
Oily product, C1,SiHFe(CO) y, at room temperature. An 
infrared spectrum of this material showed the presence of 
trace amounts of Fe (CO) .. The mroductw(26.0..90m,.0 .086 

mol, 78% based on Fe (CO) ,. employed) at this stage was sur- 
ficiently pure for further reactions. For higher purity, 
slow sublimation into a -78°C trap under high vacuum 
yielded white, needle shaped crystals. The compound was 
extremely air sensitive and was not analyzed directly. 
Moderately air stable derivatives of this hydride have 


been synthesized and characterized. 


Trichlorosilyl-1-cyclopentadienylmanganesedicarbonylhyd- 
ride, C1,SiHMn (CO) 5Cp: 





A mixture of 1.01 gm CpMn (CO) , (4.95 mmol), 70 ml 


Cl.SiH (excess) in 50 ml hexane was irradiated with a 100 


3 


watt ultraviolet source for nine hours. A water-cooled 


finger inside the reaction mixture maintained the reaction 


vy 7 eo % 7 72 
a 7 
a4/,.8 
' ‘ 
- A ’ 






















Tote aeGip y OS «OL & fprereds Stuer. copoxsrk 
ats a 
iy i\—-. 90 Baelann 25 staat lE2 18059 OE , 
: . , Ly 

» ‘Sle io bougd siinw s 24a noitvert{isdeyso oils a 
a 
ilic1t leesev oft bas batnsosb Zaw Ey 


1» eee 
MLSS es HOLtULOR als Sat ore 
oo 


; . sit?  ,lsivetem stinw s be esti faves: doid 


acne 2 - & Satgaqes ssw Snptaeg: nt 2280079 % 


13. Bos botnansh tow noise lor 


iv & priveel.ssxvsesia beouber- sar bas 
‘$_ (O9) 9 THE2. TS fouboxe, 


eb ‘ a ve WPS eS: LS. 4 ; wi 2 raz To ite s>eGe: beds 


:j- Jowborg, oH (99) 08: 30 statroms 


i elses ge (bovolamns 92 eer: ao Baesd #8: a 


a) oe ’ «8AGLIOSOR or iguw: aot Siw yisasksi 
:, ~ “wy 


j9gts 5 Gatn.t nossa Lee . 


: 
ices 
7:3 
; 7 

yoo. sat ..eledagro, | sqatta ws Caen Sek ‘yoga abla 
exisoarib hesyisos 204 eew hs, ,evisianssn wks ah 


} iii 
a) 
ever Jshixoya. elds 20 Bev itey bisb eae, Sta. we ae 


a 


foster sete baa. piiesdtay 





Pb ae 


temperature below 30°C. The progress of the reaction was 
followed by infrared, which showed a new pind at 2028 em + 
in the carbonyl stretching region, increasing in intensity 
with time. After nine hours reaction time the carbonyl 
stretching bands of the hydride and starting material were 
of equal intensity. Considerable decomposition was also 
noted. The volume of the reaction mixture was reduced to 
20 ml under vacuum. The remaining solution was filtered 
hot and the clear yellow filtrate cooled to -78°C, which 
precipitated a yellow,microcrystalline material. This was 
isolated and sublimed at room temperature onto a water-' 
cooled probe at less than 0.01 mm mercury pressure, depos- 
iting unreacted CpMn (CO) 3. After sublimation of CpMn (CO) , 
had ceased, the temperature was elevated to 60°C and 
sublimation continued, depositing pale yellow, crystalline 
Cls 


CpMn (CO) , employed). This was recrystallized from a minimum 


pan (C02. Cp (0.324 gm, 1.05 mmol, 21% based on 


amount of. hot hexane, resulting in needle-shaped,pale 


yellow crystals, which had a melting point of 82 - 83°C. 


Trichlorosilyl-1t-cyclopentadienylmanganesetricarbonyl- 


deuteride, Cl SiDMn (CO) Cp: 


fh: 





A similar procedure as for the synthesis of 


Bat SiHMn (CO) ,Cp was followed, employing C13SiD. 


3 
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Bis-trichlorosilyl-1-cyclopentadienylironcarbonylhydride, 


(C1,Si) ,HFe (CO) Cp: 


This hydride was originally prepared as one of the 
components in the thermal reaction between [CpFe (CO) 5] and 


ClSi—(ci.—Chapter IV). 


3 


A Sample of 0.65 gm C1 SiFe (CO) ,Cp (2, U9.mmoL) Ln a 


a 
solution of 6.0 ml C1,SiH (excess) and 45 ml hexane was 
irradiated with the 100 watt ultraviolet source for four 
hours. A water cooled finger inside the reaction mixture 
Maintained the reaction temperature below 30°C. Dark 
deposits on the wall of the reaction vessel indicated ae 
stantial decomposition. The infrared spectrum of the final 
reaction mixture showed that approximately 90% of the 
starting material was consumed. At reduced Brassure: the 
volume of the reaction mixture was reduced to 30 ml, 
eliminating most of the unreacted C1,SiH. The remaining 
solution was filtered warm and the clear, yellow filtrate 
was cooled to -78°C, precipitating a yellow microcrystal- 
line material. This was isolated and sublimed at room 
temperature onto a water cooled probe at less than 0.01 

mm mercury pressure, depositing the unreacted yellow 


or SiFe (CO) ,Cp. After sublimation of C1,SiFe(CO).,Cp had 


3 
ceased, the temperature was raised to 65°C and sublimation 


of a pale yellow,microcrystals continued. The yield, 


0.32 gm of (C13Si) ,HFe (CO) Cp (0.76 mmoi) was 37% based on 
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C1351Fe (CO) ,Cp employed. This complex was recrystal- 


lized from hexane, 


Trichlorosilyl-1-—cyclopentadienylcobaltcarbonylhydride, 


Cl1.,SiHCo(CO)Cp: 


3 
Ama xture: of 2.0. m1 CpCo (CO) 5 (220), lS. 5 mol) and 
2nd C13S1iH (excess) in 50 ml hexane was irradiated with 
the 100 watt ultraviolet source for four hours ata temper- 
ature below 30°C. The infrared spectrum of the reaction 
Mixture showed only unreacted CpCo (CO) 5. Cooling of the 
reaction mixture was discontinued and the irradiation was 
resumed for an addional three hours, during which the 
temperature of the reaction mixture rose to 40 - 50°C. At 
this stage all of the CpCo (CO) 5 was soneuned. The infrared 
spectrum showed bands Gee ee ZOO wercOS > onde 20 37 em7?, 
(Reported values for Cl 


ai 
2037 on Syi8) The reaction mixture was filtered under 


SiCo(CO) , are at 2117, 2063 and 


nitrogen and the clear, yellow filtrate was cooled to -78°C, 
which crystallized a yellow material of crude,oily appear- 
ance. The cold solution was decanted. The yellow, oily 
material was sublimed at room temperature onto a water- 
cooled. probe at a pressure, less than 0.01 mm mercury. A 
coarse, yellow, crystalline HrOaduct ; C1,S5iHCo(CO)Cp, was 
deposited. After the complex was resublimed twice, its 
melting point was 31 - 33°C. In theimpure state the 


hydride was extremely air sensitive. 
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Trichlorosilyl-1n-benzenechromiumdicarbonylhydride, 


C13SiHCr (CO) .1C He: 


A sample of 1.04 gm TC oH Cr (CO) 3 (4.85 mmol) in 10 ml 


6 
C13,SiH (excess) and 40 ml hexane was irradiated with a 100 
watt ultraviolet source for 28 hours. A water-cooled 

finger in the reaction mixture maintained the reaction 
temperature below 30°C.. The unfrared spectrum,of the 
reaction mixture showed no new band, but the concentration 
of mC HeCr (CO) 3 was greatly diminished. The yellow, crystal- 
line material which precipitated showed no noticeable 
decomposition. The solvent and excess C1,SiH were decanted 
and the yellow precipitate was sublimed at 65°C onto a 
water-cooled probe at less than 0.01 mm mercury pressure. 

A yellow,crystalline material, unreacted TCeH_Cr (CO) 3, 
deposited. The residue of lower volatility was dissolved 

in a minimum amount of dichloromethane and filtered under 
nitrogen. Hexane was slowly added to the clear, yellow 
filtrate until the solution became turbid. This was slowly 
cooled to -78°C, precipitating a fine yellow crystalline 
product. After an additional recrystallization in a 

similar manner, the product, C1,SiHCr (CO) 5C He had a 
melting point of 114.0 - 114.5°C. 


. Triphenylsilylirontetracarbonylhydride,. Ph SiHFe (CO) 4: 
A mixture of 15 ml Fe (CO). i22 om, OYE mol) and 25.5 


gm Ph,Sik (0.098 mol) in 180 ml heptane was irradiated with 


a 450 watt ultraviolet source for 22 hours. Initially the 
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carbon monoxide evolution was rapid, (i.e. one bubble per 
sec) but at the end of the reaction time it had virtually 
stopped. A small amount of decomposition was observed. 

The reaction mixture was filtered under nitrogen. and the 
clear, pale-yellow solution was slowly cooled in the refrig- 
erator. A massive amount of white coarse crystalline 
material formed. A small portion of this was recrystal- 
lized from pentane, resulting in a white crystalline | 
product Ph,SiHFe (CO) 4, having a melting point of 85 —- 87°C. 
When this hydridewas heated in solution, it decomposed 


rapidly and the solution turned dark green. 


Triphenylsilyl-1r-methylcyclopentadienylmanganesedicarbonyl- 


hydride, Ph,SiHMn(CO)1C.H,CH,: 


3 BY AT 3 
A mixture of 20 ml 1™CH3C-H,Mn (CO) , (0.128 mol) and 


21 gm Ph,SiH (0.081 mol) in 180 ml heptane was irradiated 


J 
with the 450 watt ultraviolet source for ten hours. The 
progress of the reaction was followed by the carbon mon- 
oxide evolution, which had virtually stopped at the end of 
the reaction. The reaction mixture was filtered under 
nitrogen and the clear,yellow filtrate was allowed to cool 
slowly in the refrigerator. A masSivyesquantity of pale, 
yellow crystals precipitated. A small fraction of this 


was recrystallized from hexane, forming coarse,pale, yellow 


crystals, Ph.SiHMn (CO) .1C H ,CH 


5H yCH, having a melting point of 


95 = 96°C. 
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Bis (trichlorosilylirontetracarbonyl) , [Cl,SiFe(CO) ,],: 





A sample of 2 - 3 gm Cl SiHFe (CO) , was slowly sub- 


3 
limed under high vacuum into a 60 - 70 ml Carius tube 
equipped with a Teflon valve. Similarly, 5.0 ml pentane 
was distilled into a Carius tube. The tube was then 
attached to a vacuum system equipped with a manometer, 

and tetrafluoroethylene (1.2 liter at STP) was introduced 
at liquid nitrogen temperature. The reaction mixture was 
then warmed slowly to room temperature. Gentle agitation 
of the tube immediately precipitated a coarse, bright 
yellow, needle-like crystalline material. (During this 
process the Carius tube was kept behind a protective 
shield. Tetrafluoroethylene under pressure is potentially 
dangerous, since it may polymerize violently). The 

excess tetrafluoroethylene and pentane were removed at 
reduced pressure. The remaining product, [C1,SiFe (CO) 4], 
decomposed above 90°C. The mass spectrum of the unreacted 
tetrafluoroethylene showed ions such as Se ce 
en; oe and Co Ry? which are not present in the 
sample prior to the reaction. The infrared spectrum was 


complicated by the rapid decomposition of the complex in 


solution. 


_Bis-y-dichlorosilyl-bis-irontetracarbonyl, [Cl,SiFe(CO) ,],: 





This complex was originally prepared in a thermal 


reaction between Fe (CO). and Cl1,SiH above 160°C (cf. Chapter 


ox. 


" 


poe 
S: 


ec ths toe ie 


MOD: Bb. Shand 





nae 1 


III). A sample of 0.20 gm [Cl,SiFe (CO) ,], (0.33 mmol) was 
placed in a 25 ml Carius tube equipped with a Teflon valve. 
The tube was evacuated and then slowly heated... At 120 - 
130°C, the compound melted to an orange-brown semisolid, 
which resolidified at this temperature ,in approximately 
ten minutes ,to a powdery yellow solid, [Cl,SiFe(CO).5],, 
which was identified by infrared; this reaction proceeded 
in high yield. The mass spectrum of the gaseous reaction 


products contained the ions Sicl * and Fe (CO) .” as well as 


a 


their fragments. 


Tetraethylammonium Trichlorosilylirontetracarbonylate, 


+ ~ 
Et,N [Cl1,SiFe (CO) 4] : 


Nitrogen was bubbled for one hour through a solution 


O071L6 75 com: Cl SiHFe (CO) , (54.0 mmol) and 8.57 gm Et,NCl 


3 
(52.0 mmol) in 70 ml of dichloromethane. After the 


4 


reaction appeared complete, the solvent was removed at 
reduced pressure resulting in a cream colored,crystalline 
material. This crude product was washed with several 
aliquots of hexane, yielding 21.1 gm of Et,N’ [C1,SiFe(CO) ,]~ 
(48.5 mmol, 93% based on Et,NCl employed). This was 
dissolved in a minimum amount of dichloromethane, filtered, 
and the clear,colorless filtrate was placed into the 
refrigerator. After several hours coarse ,plate-like,white 


crystals formed, which decomposed gradually above 260°C. 
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Triethylammonium Trichlorosilylirontetracarbonylate, 


+ - 
Et,NH [Cl,SiFe(CO) ,] : 


The solution containing the hydride, Cl SiHFe (CO) 4, 


3 
from a reaction of 20 ml Fe (CO). (O.,°..46 mol), and 30 ml 
C1,SiH (excess) in 180 ml heptane, irradiated for 14 hours 
with a 450 watt ultraviolet source, was reduced in volume 
to 120 - 140 ml at reduced pressure. This was filtered 
under nitrogen pressure, resulting in a clear, yellow 
solution. With the clear filtrate cooled to approximately 
-50°C, triethylamine was slowly added,while the reaction 
mixture was magnetically stirred. A dense white micro- 
crystalline material precipitated immediately. When the 
addition of triethylamine precipitated no additional pro- 
duct, the solution was decanted and the crystalline 
material was washed with several aliquots of pentane con- 
taining small amounts of triethylamine. The resulting 


product, 30.9 gm Et NH” [C1,SiFe(CO) ,]~ (0.077 mol, 52% 


= 
based on Fe (CO) ; employed) was extremely air sensitive and 
has on some occasions turned into a semisolid at room 
temperature. This salt has not been analyzed; however, 


employing this material more air stable derivatives have 


been synthesized and analyzed. 


Tetramethylammonium Trichlorosilylirontetracarbonylate, 
+ . - 
Me N° [C1,SiFe(CO) 4] 





Nitrogen was bubbled for 90 minutes through a solution 


240. 


containing 24 gm C1,SiHFe (CO) , (0.079 mol) and 8.8 gm 

Me ,NC1 (0.080 mol) in 70 ml dichloromethane. The 

Me ,NC1l had been dried under high vacuum for several days.’ 
After the reaction appeared complete,the solvent was removed 
at reduced pressure, leaving a white,crystalline material. 
This was washed with several aliquots of pentane and 

then dissolved in a minimum amount of dichloromethane and 
Preeered.. Ihe colorless, clear filtrate was placed in the 
refrigerator. After several hours white, plate-like crys- 
talline Me N” [C1,SiFe(CO) ,]~ formed; this compound was 


d 


quite air sensitive. 


Tetraethylammonium Trichlorosilyl-1t-cyclopentadienylmangan- 


esedicarbonylate, Et,N” [C1,SimMn(CO) Cpl”: 


A mixture of 0.50 gm Cl SiHMn (CO) ,Cp (1.6 mmol) and 


3 


0.26 gm Et,NCl1 (1.5 mmol) was stirred magnetically at room 


4 
temperature in dichloromethane. The reaction mixture 
slowly gave off hydrogen chloride, which was allowed to 
escape through a bubbler. Nitrogen was passed through 
the solution to sweep out the hydrogen chloride. The 
reaction mixture was then filtered. Hexane was carefully 
added to the top of the clear, yellow filtrate, forming 
two layers of different density. As the hexane slowly 
diffused into the dichloromethane, large yellow crystals 


formed on the wall of the vessel. The product, 


Et 


4N* [c1,Simn (Co) cpl”, slowly darkened above 190°C and 





ox. 
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melted at 280°C. 


Triethylammonium Trichlorosilyl-1-cyclopentadienylmangan- 


esedicarbonylate, Et NH” [C1,Simn(CO) Cp]: 


3 





Triethylamine was added dropwise to a hexane solution 


containing 0.69 gm Cl SiHMn (CO) ,Cp (2.2 mmol). The solu- 


3 
tion became cloudy immediately and a yellow material oiled 
out, finally solidifying to a pale, yellow powder. This 
was dissolved in 15 ml dichloromethane and filtered. 
Hexane was added slowly and the product 

Et,NH [C1,Simn (CO) ,cp]~ OLléed*out of solution. , After 
vigorous shaking, the oily material crystallized to a 
pale, yellow solid, melting at 28-31°C. The infrared 
spectrum in the carbonyl stretching region showed bands 


1 


at 2026, 1969, 1907 and 1839 cm ~ in dichloromethane. 


In dichloromethane Cl SiHMn (CO) Cp, showed bands at 


8 
=] -1 
2026 cm ang. £969 ch. 


Trichlorotintrichlorosilyl-t-cyclopentadienylmanganese- 


dicarbonyl, C1,Sn(C1,51)Mn (CO) Cp: 





To a stirring dichloromethane solution containing 0.25 


ml SnCl, (0.55 gm, 2.1 mmol), 0.35 gm Et NH” [C1,SiMn (CO) ep] 


4 3 
in 10 ml dichloromethane was added dropwise. The reaction 
mixture was allowed to remain at room temperature for 30 
minutes after the addition was complete and then the solvent 


was removed at reduced pressure. The resulting pale, yellow 


solid was dissolved in hexane, filtered, and the clear 
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solution was placed in the refrigerator. Coarse ,pale, 
yellow crystals slowly formed. The product, 


C13Sn(C1,Si)Mn(CO).Cp, me ted Sat 06 P4—.416 F7e': 


Trichlorotintrichlorosilyl-1-methylcyclopentadienylmangan- 


esedicarbonyl, C1,5n(C1,Si)Mn (CO) .1C.H ,CH,: 


AV solution of 10 ml mCH3C.H ,Mn (CO) , (0.061 mol) and 





10 ml C1,SiH (excess) in 180 ml hexane was irradiated with 
a 450 watt doe ta ieaete source for 12 hours. Extensive 
decomposition was observed. The reaction mixture was 
filtered and the clear, yellow solution cooled to -78°C, 
precipitating a dense,cream colored material. The cold 
solvent was decanted and the remaining hexane and unreacted 
C1,SiH were removed at reduced pressure. The oily material 
was dissolved in pentane, yielding a clear, yellow solution. 
Excess Et.N was slowly added until no additional material 
precipitated from solution (This precipitate, 

EB 


NH” [C1,SiMn (CO) ,1C,H CH. hice was not analyzed but was 


2 4 
used directly in the succeeding step in the preparation 
of derivatives.) This oily product was washed with 
several aliquots of pentane containing small quantities 
of Et,N. It was dissolved in 15 ml dichloromethane and 
slowly added to a dichloromethane solution containing 
1.5 ml Cl,Sn (excess). After addition was complete, 


the reaction mixture was stirred at room temperature for 


an additional 30 minutes. The dichloromethane was 
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removed at reduced pressure, leaving a yellow residue. 
This was extracted with hot hexane and filtered. A 
considerable quantity of yellow safer al remained undis- 
solved. The clear, yellow filtrate was cooled slowly in 
the refrigerator. Large, yellow crystals separated from 
solution. The product, C1,Sn(C1,Si) Mn (CO) ,1C H ,CH 


5 4675 8d 
melted at 115 - 117°C. 


Dichloro-bis (trichlorosilyl-1-methylcyclopentadienylman- 


ganesedicarbonyl), C1,Sn[C1,SiMn (CO) ,1C,H,CH3],: 

The hexane insoluble residue from the above reaction 
was dissolved in 15 ml benzene and filtered,yielding a 
clear, orange-yellow solution. To this, hexane was 
slowly added until the mixture became cloudy. This was 
set aside in the refrigerator. At 1 - 2 hours intervals 
small aliquots of additional hexane were added. Fine 
orange-yellow crystals precipitated from solution. The 
product, C1,Sn[C135iMn (CO) ,1C,H,CH,]., decomposed slowly 
above 180°C. Note the analytical values in Table xx. 
This complex precipitated with one benzene molecule per 
three complex molecules, C1j,Sn[C1,5iMn (CO) ,1C,.H,CH,J 5 Lis 
CoH. The nmr spectrum of this compound in deuterated 
dichloromethane showed the benzene proton absorption at 


2.68 t. A sample which was placed under high vacuum for 


a prolonged period of time showed no change in composition. 
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Phenyldichlorotintrichlorosilyl-1-methylcyclopentadienyl- 


manganesedicarbonyl, Phe15Sn(C1,Si)Mn (CO) ,1C.H ,CH: 





A stirred dichloromethane solution containing 2.05 gm 
Et,NH’ [C1,SiMn(CO) ,1C,H,CH,]7 (4.8 mmol) was cooled to 
thew, Lerotcthis 3.0 ml Phsncl. (excess) was added and the 
mixture was warmed slowly to room temperature. After one 
hour at room temperature the solvent was removed at 
reduced pressure, leaving an oily residue. The residue was 
washed with 20 ml of cold hexane to remove most of the 
excess PhSnCl.. The remaining residue was then extracted 
with several aliquots of hot hexane and filtered. The 
combined filtrate was slowly cooled in the refrigerator 
yielding "8 pale yellow, crystalline product, Ph c1,sn 
(SiCl,)Mn(CO)4_7C -H,CH,. Its melting point, after an 


additional recrystallization from hexane, was *ilP1Le=S112°C. 


Diphenylchlorotintrichlorosilyl-1t-methylcyclopentadienyl- 


manganesedicarbonyl, PhyClSn (C1351) Mn (CO) 51C,H CH: 





A solution of 2.30 gm Et NH’ [C1,SiMn (CO) ,1C,H ,CH,]7 
(5.40 mmo?) in 50 ml dichloromethane was cooled to -78°C. 
To this stirring mixture 1.78 gm Ph,Sncl, (5.2 mmol) was 

added. The reaction mixture was allowed to warm to room 
temperature and stirring was continued over night. The 

solvent was removed at reduced pressure, leaving a light- 
brown, Oily material. This was extracted with a minimum 


amount of hot hexane and filtered. At refrigerator 
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temperature a very pale yellow,microcrystalline Proauce, 
Ph C1Sn (C151) Mn (CO) ,1C H,CH,, precipitated. This com- 
pound was sparingly soluble in hexane at room temperature. 


The product darkened rapidly between 135 - 140°C and melted 


above 145°C. 


Trichlorotintrichlorosilylirontetracarbonyl, 


C1,Sn(C1,Si) Fe (CO) ,: 


A magnetically stirred solution containing 14.0 ml 
C1,Sn (0.12 mol) in 100 ml dichloromethane was cooled to 
-78°C. Slowly 30.9 gm Et,NH’[C1,SiFe(CO) ,]~ (0.077 mol) 
dissolved in 40 ml dichloromethane was added. After 
addition was complete the reaction mixture was maintained 
at -78°C for an additional five minutes, and then warmed 
slowly to room temperature. PEE room temperature the 
reaction mixture was stirred for 20 minutes. The solvent 
was removed at reduced pressure, resulting in a cream 
colored powdery product. Under nitrogen this was extracted 
with 182 60 ml aliquots of dry, oxygen-free benzene. The 
combined, colorless,clear filtrate was cooled until it 
solidified. At reduced pressure the benzene was slowly 
removed, leaving a white microcrystalline product, 26.0 gm 
C1,Sn(C1,Si)Fe(CO) , (0.050 mol, 65% based on 


Et NH" [C1,SiFe(CO) ,]7 employed). A small fraction of this 


3 


was dissolved in warm hexane, from which coarse ,white 


crystals precipitated in the refrigerator. The melting 
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point of C1,Sn(C1,Si) Fe(CO) , in a sealed capillary was 114- 
115°C. Approximately 24.0 gms of benzene insoluble material 


was recovered. 


Dichlorotin-bis (trichlorosilylirontetracarbonyl), 


C1,Sn[Fe (CO) ,Sicl,],: 


A magnetically stirred solution Reeth eRe: HAS eee ager) 
C1,Sn(C13S1i) Fe (CO) y (0.055 mol) in 100 ml dichloromethane 
MeieePooleds to, -{/8°C,. .clowly, 22.5 qm Et,NH" [C1,SiFe(CO) ,]~ 
(0.056 mol) in 30 ml dichloromethane was added. All crys- 
talline material dissolved slowly forming an intensely 
orange-red solution. After addition was complete the 
reaction mixture was allowed to warm to room temperature. 
As the temperature gradually increased a dense,orange- 
yellow, crystalline Material precipitated. At room temper- 
ature, evolution of gas became pronounced. The dichloro- 
methane was quickly decanted and the crystalline material 
was washed with two 30 ml aliquots of cool dichloromethane. 
A small portion of the product was dissolved in a minimum 
amount of warm dichloromethane and filtered. Coarse, 
orange crystals formed slowly at refrigerator temperature. 
The product, C1,Sn[Fe(CO) ,Sicl,]., rapidly changed color 
to a darker orange at 165 - 167°C and darkened above 250°C. 

When this product is not immediately isolated after 


its formation and is allowed to remain in the reaction mix- 


ture at room temperature, it redissolves with evolution of 
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carbon monoxide. The resulting reaction mixture is a deep, 
red, transparent solution. 


A mixture of 0.88 gm C1,Sn[Fe (CO) ,Sicl (1.1 mmol) 


312 
and 0.18 gm Et,NCl (1.1 mmol) in 20 ml dichloromethane was 
stirred at room temperature until evolution of gas ceased. 
The solution changed slowly from yellow to red and a total 

of 29.4 ml gas at room temperature and 695 mm mercury pres- 
Sure (at STP.24.5.ml, 1.1 mmol) was collected. The solvent 
was removed at reduced pressure leaving a red, oily material. 
This was washed with several aliquots of pentane. The trans- 
parent ,red oily residue was dissolved in 40 ml dichloro- 
methane. Hexane was added to the top of the dark,red 
solution, resulting in two liquid layers. Over a period of 
approximately 3 - 4 weeks the hexane diffused into the 
dichloromethane and some red crystals,surrounded by an 

Gily Mmaterial,formed. . These were isolated and dried. When 
this crystalline materialwas heated it slowly turned yellow. 


At 145°C some melting activitywas observed and above 160°C 


it decomposed. Its infrared spectrum showed bands at 
2096 om + medium, 2045 very strong, 2030 strong and 1938 
weak. 


Abc. Calc. tok Cy 5H gClyFe NO 7Snsi,: CORLG os ae es 
Cb 34.23 Biya Bi RO ee eee eg 7 eH ei atin 


Ci% 45.6. = ees N, rae AS, cz Pps 
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Phenyldichlorotintrichlorosilylirontetracarbonyl, 


PhC1,Sn(C13Si) Fe (CO) ,: 


A.sOlution of 42.7 gm Et 


NH” [C1 ,SiFe (CO) (1.06 


3 4) 
mol) in 50 ml dichloromethane was slowly added to a magneti- 
cally stirred solution of 50 ml dichloromethane containing 
75.2 9m Phsncl, (0.120 mol) at -78°C. After addition was 
complete the reaction mixture was allowed to warm to room 
temperature. The solvent was removed at reduced pressure, 
leaving a yellow, oily material. This was extracted with 
hexane and filtered. _The clear, yellow filtrate was 

cooled to -78°C separating a cream, microcrystalline 


material. The product PhC1,Sn (C1351) Fe (CO) , melted below 


room temperature to a yellow oil. 
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CHAPTER VI 


“Mass Spectrometry 


Introduction 

Some of the first compounds to be studied by mass 
spectrometry were the volatile organometallics in the 
determination of the occurrence of isotopes, as well as, 
isotopic abundances ti These can be determined by mass 
spectrometry with a high degree of accuracy. However, only 
recently have high resolution spectrometers, capable of 
handling masses of 1000 and more, become commercially 
available. 

Mass spectrometry has since been used for the deter- 
mination of molecular weights of compounds, elemental 
composition analysis, thermochemical data including 
ionization potentials, heats of formation and bond dissoci- 
ation energy, etc. os The heat of formation of 


MeF Sico(CO) , and the silicon cobalt bond dissociation 


2 
have been calculated from the appearance potentials of the 
observed ions alge 

Several authors have demonstrated that carbonyls 


lose ‘carbon monoxide in a stepwise fashion. For example, the 


mass spectra of the mononuclear complexes, M(CO),, show 


ions such as M(CO) ,” (n = 0-6, M = Cr, Mo, W ie n= 0-5, 
M = Fe =19), n= 0-4, M= Ni raat ge Similar fragmentation 


occurs with the polynuclear carbonyl complexes, such as 


ea 
. 





y. ‘ ‘ : 
‘ ’ 
vel 
z : . ‘ 
by * 
? 
7 x r 
A sr 
cr \ 
> 
e 
. 
\ . .Y ' . 
. $m 
‘ 
“ 
- é f 
= \ — Ti 
b ‘ pa 
j 
> ce yar inp gy 
I 
- _— = 
' ~~ 
‘ = - 
ahd ” whieh? Re 
“ 
if eric , ase ; 
SS 
5 ' 
Poe > ~ - } “va y,. 
. «= wo) tad $ dew 40 FI EYL 
, ; - I~ « s gr. . of * 2» any 
a ‘ & + eet O et et he Add be 40 4 ad ILGS 






=e a - - 
rt = | ry awal 


o 193 






ha 


BOACO} For M,(CO) 49» fragmentation corresponding to 


Lad 1 oh& 


M, (CO) .* are observed (n = 0-10, M = Mn, Re For 


M3(CO),> fragments such as M,(Co),* are observed (n = Q-12, 


M = Fe, Ru b3 30124 ana Co 


4 
0-12 boy It has been suggested that the presence of 


+ 
(CO), 5 shows Co, (CO)n for 


n 
Fe (CO) .” in the mass spectrum of Fe (CO) 45 favours bridging 
carbonyls in the molecule ride 

Most transition metals nhve distinctive isotope 
abundances, which allow rapid identification of molecular 
fragments,when the isotope pattern er The’ particular com- 
bination of atoms is known. Using the natural abundances 
of isotopes, patterns for any fragment can be calculated 
207— 

The usefulness of mass spectrometry in synthetic 
inorganic chemistry can hardly be overemphasized in 


elucidating molecular composition, as well as structural 


information. 
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RESULTS AND DISCUSSION 


With reference to the present work, the main purposes 
of mass spectrometry are to identify molecules and to gain 
structural information. This is accomplished by correlat- 
ing the observed mass numbers in the mass spectrum to the 
elements that are present in the compound. The presence in 
the mass spectrum of fragments which contain bonded atoms 
or groups suggests (but does not prove) that the same atoms 
or group are bonded in the molecule. For example, in the 


mass spectrum of Ph3SiMn (CO) , the fragment Ph Si* are very 


3 
intense, but weak peaks corresponding to to masses such as 
PhMn (CO) ~ are also observed. This molecule shows 

Ph,Simn (co), * (n=0-5) as well as smaller fragments. The 


most abundant ion of these is Ph,SiMn’, while those for 

n=l and 3 are relatively weak. The exact mass of the 
‘parent ion was measured, m/e = 454.0066. The calculated 
value for Ph,SiMn (CO) _ is 454.0069. This relatively simple 
case demonstrates the type of information that can be gained 
from a mass spectrum. 

The requirement of exceedingly small samples for mass 
spectra is an added advantage in studies of reactions which 
yield minute quantities of product. Impurities or mixtures 
of compounds may be identified simultaneously, if the masses 
of the ions do not overlap extensively. The mass spectrum 
of the products from the thermal reaction of [CpCr (CO) 4], 


and Cl1.,SiH demonstrate an example in which more than one 


3 


compound may be identified in one spectrum. The infrared 
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spectrum of the white,crystalline product shows six car- 
bonyl stretching bands which appear as three sets of 
doublets of equal intensity. The expected product, 
C1,5iCr (CO) ,Cp, should show three carbonyl stretching 
vibrations in the infrared spectrum. The mass spectrum 
of this product immediately sheds light on this problem 
(cf. Table XXV). The isotope pattern of the parent ions 
and their framentation are in agreement with results 


that would be expected for a mixture of Cl SiCr (CO) 3Cp 


iz 
and HC1,SiCr (CO) Cp. Due to the similarity in physical 
properties and relatively low stability of these compounds, 
separation is not readily accomplished. 

Ideally, it is hoped that a mass spectrum will show 
the molecular ion as a set of peaks of highest nominal 
mass; and further, that the various fragments formed in 
the breakdown of the molecule do not overlap, so that any 
isolated pattern is due to one specific species. The mass 
spectrum of C1,SiRe (CO) ., shows some.of these féatures.: 
Several series of fragmentation patterns, “each series 
characterized by the loss of 0, 1, 2 or 3 chlorines from 
the parent molecule, have been separated from the overall 
spectrum for convenience in Fig. 99. Each of these series 
is made up of a succession of fragments formed by con- 
secutive loss of a carbonyl group (28 mass units). 

The abundance of ions becomes progressively less 


with the consecutive loss of chlorines. The bottom series 
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USNRSTr ce ae 


. SiRe (CO)F -Re(CO)? 
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REL. ABUND. 


250 300 350 400 450 
MASS NUMBER 


Cl,SiRe (CO); above mass 220 


Figure 99 
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REL. ABUND. 





460 


CH3CloSiRe(CO)s C,H305CloReSi 










REL. ABUND. 


440 440 


(CH4)oCISiRe(CO)s C7H,O5ClReSi 


REL. ABUND. 


(CH3)3SiRe(CO)s Cz H9Os5ReSi 


REL. ABUND. 





400 400 
MASS NUMBER MASS NUMBER 


OBSERVED ISOTOPE PATTERN COMPUTED ISOTOPE PATTERN 


Figure 100 





Vibe he: 


assigned to SiRe (Co) * and Re (CO) .* does not show ions for 
+ 


SiRe (CO). . The isotope pattern and masses of the Re(CO) ” 
series is very similar to the SiRe (co), ” series, since 
the natural abundance of 4854 is ©9242 42% ANCIC LS most 
probable that the Re (CO) |” series causes the major contri- 
bution to the observed ions in the bottom series, Fig. 99. 
The predicted and observed isotope patterns for the 
C13_,,(CH3) SiRe (CO), (n = 0-3) are shown in Fig. 100. 
The isotope pattern for any combination of atoms which 
make up a fragment can be computed,* or estimated for 
Simple systems. 
For fragments in which extensive overlapping occurs, 
the predicted isotope patterns are not applicable. For 


molecules in which hydrogen atoms are lost readily, over- 


- The predicted isotope patterns and weighted mean peak 
masses were computed with the program ISOCOM6. This 
program was written by E. H. Brooks and R. S. Gay and 
is based on the algorithm described by Carrick and 
Glock ling’ (A.“Carrick’ ana’Pr? Glo¢kitngy d.uchem<. Soc: 
(A) 40 (1967)). Mass and abundance data for all 
naturally occurring isotopes are read from a magnetic 
tape file. Sources forthe isotope masses are: (L. A. 
Konig, J. H. E. Mattauch and A. H. Wapstra, Nuclear 
Physics 31, 18 (1962)) and the abundances have been 
taken from abundance tables ("Introduction to Mass 
Spectrometry and Its Applications" by Robert W. Kiser, 
Prentice Hall Inc., Englewood Cliff. N.J. 1965. 
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lapping of fragments makes the observed isotope patterns 
misleading. For example, several values in fables XXIX and 
XXX for relative ion abundances in the mass spectra for 

Cl 


SiHCr(CO) 5CeHe, (C1,Si) ,HFe (CO) Cp and Cl SiHMn (CO) ,Cp 


3 . 
have been estimated, because fragments due to the loss of 
hydrogen atoms are of comparable abundance to those due 
to the loss of carbon monoxide. 

Most of the fragmentation, observed in the mass 
spectra of molecules encountered in this study, involves 
the loss of carbon monoxide, chlorine and methyl groups. 
These also can cause considerable overlapping for molecules, 
which yield fragments with wide isotopic spread. For 
example, the difference in mass between two methyl groups 
and one carbon monoxide is only two mass units, and the 
difference between one chlorine plus one methyl group and 
two carbon monoxide molecules is six mass units. Therefore 


in the breakdown of molecules such as MeCl.SiMo(CO) 3Cp or 


2 
(MeC1,S5i),Fe(CO) y, considerable overlapping of fragments is 
observed. Molybdenum has seven relatively abundant iso- 
topes while chlorine has two. Combinations of several 
chlorines or molybdenum and chlorines show dominant isotope 
spreads up to 20 mass units wide for simple molecules. 

With the aid of computed isotope patterns, fragments that 
are only partly overlapping can be resolved by calculating 


the abundance of each isotope component,using peaks which 


do not overlap. Addition of all resolved components making 
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up a certain pattern should then yield the observed iso- 
tope pattern in the mass spectrum. 


In the mass spectrom of C1,Sn[Fe (CO) ,Sicl for 


3}: 
example, the parent ion is observed at m/e = 794. The 
fragmentation shows an exceedingly complex spectrum. 
Overlapping of fragments becomes progressively more 
extensive at intermediate masses. The resolved fragmen- 
tation and isotope patterns, above mass “00 Lois 
C1,Sn[Fe(CO) ,Sicl,],,is shown in Fig. 101. Consecutive 
loss of chlorines is shown by the separation of the 
spectrum into three horizontal series and consecutive 
loss of carbon monoxides is shown by the repeated isotope 
patterns of varying intensity. This representation is 
not intended to be an accurately resolved analysis of 
the observed mass spectrum, but to demonstrate the 
complexity of a mass spectrum for molecules of this type 
when all fragmentation series are superimposed on one 
scale. 

In this Figure it is also evident that the abundance 
of ions diminishes gradually with Eicisbma ces loss 
of chlorine. The fragmentation series due to 
Cl, SnFe, (CO) ,Sicl,” and C1_SnFe (co) * are relatively 
weak and have been excluded. Nevertheless the bare (i.e. 
carbon-monoxide free) ions such as Cl,SnFe,Sicl,", 
T ob snre t 


2 2 
spectra and probably contribute considerably to other 


ClSnFe are generally very abundant in mass 
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closely adjacent fragments. 

The parent ions for many compounds are extremely 
weak or do not appear in the mass spectra. ae example, 
the highest observed masses for RSn[Co(CO) 4}, correspond 


Te 179,181 In the mass spectra of the 


to RSnCo3(CO) 14 
Silyl transition metal hydrides, (C1351) ,HFe (CO) Cp shows 
and 


no parent ion, while for Cl SiHCr (CO) 5C 


3 6"6 
C13SiHMn (CO) ,Cp, the parent ion is very weak. The dominant 
fragments of highest masses correspond to the loss of 

one chlorine from the molecular ions. 

The exact mass of a species can only be measured if 
the abundance of ions corresponding to that species is 
sufficiently large. For molecules which do not yield 
sufficiently intense parent ions, a more intense peak of 
lower mass can be measured oa eae composition of the 
fragment is in doubt. For example, the fragment of 
highest mass for (C1,Si) ,HFe (CO) Cp was measured 
m/e - 382.7717. The calculated value for the mass of 


a5 oH 
Cl, 


C1Si.,HFe (CO) Cp 1 oh3 8 2a fbO . 

Compounds of low noMeoces may yield adequate mass 
spectra at elevated probe temperature. This occasionally 
causes reactions to occur which produce new compounds. 
The mass spectrum for C13SiHCr (CO) .C. He at probe 
temperatures up to 90°C shows virtually no ions above 


the parent ion. However, at 120°C, ions of masses cor- 


responding to (C,H,) ,Cr,(CO)Si,cl,", CeHCr. (CO) ,Si,cl,” 
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etc. may be recognized. Dimerization of C1 ,SiHCr (CO) ,C.He 
with the loss of hydrogen chloride could account for the 


observed spectrum. Similarly for Ph SiHFe(CO) ,, up to 


3 
100°C probe temperature no adequate mass spectrum is 
obtained. At 105°C the observed mass spectrum corresponds 
to PhoSiFe, (CO) g, Table XXXII. For the ionic complex, 
[CpFe (CO) ,1° [CpFe (Co) (Sic1,) 9] virtually no ions appear 
until the complex is heated to 200°C on the probe. At 
this temperature numerous fragments of medium intensity, 
containing cyclopentadiene, iron and trichlorosilyl units, 
can be recognized in a continuous spectrum of weak peaks 
at every mass up to approximately 1000, suggesting the 
formation of high molecular weight species in the pyrolysis 
of this compound. 

Lewis et al. Ett report that the mass spectrum of 
Re, (CO) 49 shows the presence of ions such as Re, (CO) .C’, 
but lacks ions such as Re, (CO) 0", which provides 
evidence that the bonding of carbon monoxide to transi- 
tion metals occurs via the carbon atom. The complexes, 
[Cl,SiFe(CO) 4], and [Ph,SiMn (CO) 4], have similar structural 
arrangements of the ligands about the basic four membered 
ring of alternate silicon and transition metal atoms. 
However, to satisfy the E.A.N. rule a manganese-manganese 
bond is required in [Ph,SiMn(CO),],. Both molecules yield 
parent ions in the mass spectrum, as well as fragments 


due to the loss of eight consecutive carbon monoxide 





j 
t — 
~L@2RB TS 
a” oe © 
a =. 


soexet 
7 iene! 


’ 


g 


HOD SAT imosys. nbdtss-edit's iv: 


* 














, 
“er 
j af 
i . . 
; « 
. af 
; . 
. 
) : 
t 3 ‘ ‘t 7 » 
-bosiapoost ed yam 
~ 
: f . ' ryt 1 + . +) *) f & 
ss Gta + - — 
4 et gr 7 
> , i ~~ = - 
a vy pe ef Pi SA ae oe ed 
st Tibial yA Thiumic. shi ioegs DaviIgEad 
: 7 : oe 
4 : ; 
' ‘ 
i.3 iS ry La! > Fei 
¢ Ar t. 
> 2 ss j i x 
== 
om | ‘ ; n ; ny 
v : * 
=~ i an = 5 ‘Vy 
. ‘ * r ‘ 
fen) {G 
* 4 
- 4 « 2 * 
. Thon BL XO. MOD. 6a0 
ne > 2 
f ‘ a a . re 
iJ as 4, Sait 
' - . . 
- ‘ Pi . . we } 
5 ~ wi 
x z 4 y/ ~;- » a? “a iz ’ 
. > bias ‘ a ed 
ss " = ~ 
? 
e f rere a 
ie f i" § { 
1 MA 
; : f J 1G ° wisi ra) 
; 
; : 
= Pieds + _ 
: : 
1 a 
, ‘ he + 
A » 
ms 
t phim er t 
be ( 2 wher TENDS ~.8fmiog 
7 9 ; 1 $ | i daa Peake 
> ~ MAMHROG } 
r 






= a * — 2 43 


265. 


molecules. If in the fragmentation process no new bonds 


were formed, then [Ph,SiMn (CO) 4], should show a fragment 


due to Mn,”, while the mass spectrum for IC1,SiFe (CO) ,], 
should not yield PSs. However, a peak at m/e = 111.8696 
corresponding to Fe,” (calculated mass for Fe, = 111.8698) 


allows no concrete conclusions about the mode of its 
formation,since the spectra are obtained at elevated 
temperatures. The ligands are thought to be lost in a 
stepwise manner. The formation of an iron-iron bond,after 
the first silyl bridge is lost, may be a possible explanation 
for the formation of the iron-iron bond. The mass spectrum 
a at 


= 109.8762). 


of [Ph,Simn (CO) 4], also shows a peak due to Mn 


m/e - 109.8759 (calculated mass for Mn, 


The partial mass spectra of a representative number 
of compounds are given in Tables XXII - XXXII. Small 
fragments and masses which cannot be assigned unambiguously 
have not been included. The main object was the character- 
ization of these compounds. The detailed mass spectral 
studies of these complexes would form an enormous field 


and could be treated as a separate topic. 
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266. 
EXPERIMENTAL 


Mass “roe were obtained with an AET MS9 double 
focusing mass spectrometer operating at 70 ev ionizing 
energy and an accelerating voltage of 8000 volts. Samples 
were introduced directly into the source on the end of 
a probe near the ionizing electron beam. The choice 
of temperature was determined on the basis of thermal 
stability and volatility of the compounds. The nominal 
masses, m/e, were determined by counting from the low 
masses which are known. Spectra which showed larger - 
gaps at higher masses made the procedure of counting 
difficult occasionally, and the exact mass of the parent 


ion was used for comparison. 
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TABLE XXII 


Mass Spectrum of Ph,SiMn (CO). 
Ion Sb m/e Rel. Abund. @ 
Ph,Simn(co)* ? 5 454 Peer d or 
4 426 0.09 
3 398 = 
2 370 0.21 
1 342 - 
0 314 1.90 
Ph,Si* 259 100.00 


a. Most intense peak is assigned 100.00 


b. Measured m/e for Ph,SiMn (CO) , = 454.0066; 
calculated 454.0069 
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TABLE XXIII 


Mass Spectrum of Me,SiRe (CO) , 
Ton n we Rel. Abunda.” 
Me ,SiRe (Co) 5 400 91 
4 372 2,2 
3 344 avo 
2 SL6 34 
a 288 2.4 
0 260 eae 
MeSiRe (CO), * 5 385 42 
4 id 100 
3 329 ou 
2 301 28 
- POS We a 
0 245 14 
MeSiRe (CO) ,” 5 370 2.0 
4 342 6.4 
3 314 awe 
2 286 ead 
1 258 16 
0 230 2 cel. 
Re(CO),* 5 327 1.8 
4 299 20 
3 eae Be 17 
2 243 24 
1 215 4.3 
Q 187 ae 
a. m/e values for 187 26-containing fragments 


b. Most intense peak assigned 100. 
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TABLE XXIV 


Mass Spectra of [Ph,Simn(Co) J, and [Cl,SiFe (CO) ,]* 
Ton eit m/e Rel. Abund. ? 
Ph Sipma,(co)_* ° 8 698 15.4 
ej 670 On 
6 642 4.6 
5 614 14.9 
4 586 og. 
3 558 1573 
2 530 gE 
1 502 Sez 
Q 474 Zo 
Ph ,Si,én™ 419 100.0 
St aqrenico).* 4 g 534 747 
i ae. n 
7 506 a2e5 
6 478 46.0 
5 450 73.4 
4 422 100.0 
3 394 80.8 
2 366 2320 
a 338 24.5 
0 35G 30 #7 
Re Sun, 


a. m/e values for Cl. Cl containing fragments 
b. Most intense peak in spectrum is assigned 100.0 


c. Measured mass at m/e 697.9465; calculated value of 


[Ph,SiMn (CO) ,], xo 697.9459. 


d. Measured mass at m/e = 533.6554; calculated value 
SoC Gai ee (CO) eae AA: 


for 1, 


a\m. en nor, 


iw ¢ Ey (O3).n BostG] Tor satneg?. evs 
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a1. 
TABLE XXV 


Mass Spectrum of a Mixture of C1,Sicr (CO) ,Cp and 


a a a ae arr Nee ee ie i a a See 





HC1,SiCr (CO) ,Cp 
Ion ie m/e* ' Rel. Abund. D 
c1,sicr (co) fics . 3 334 0.58 
2 306 0.15 
1 278 eal 
0 250 3.61 
C1,Sicr (CO) Cp” 3 299 0.50 
° 271 0.11 
1 243 0.15 
0 215 0.69 
sicr (CO) Cp" 3 229 0.01 
2 201 2.42 
1 173 6.43 
0 145 6.47 
Crcp’ 419 28.50 
cr 52 100.00 
HC1,$iCx (CO) Cp" 3 300 3.65 
2 272 1315 
1 244 5362 
0 216 oy20 
HC1SiCr (CO) Cp” 3 265 hegre 
2 ae 0.39 
1 209 0.35 
0 181 0.62 
cpcrcl” 152 6.54 
Gea 133 1.00 
cljsi: 98 1.42 
c1isi” 63 16.80 


a. m/e values for 2 or containing fragments. 
b. The most abundant peak in spectrum is assigned 100.00 


c. m/e values for mage containing fragments. 
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TABLE XXVI 


Mass Spectra of C1,S5iMo (CO) ,Cp and MeCl 





SiMo (CO) ,Cp 


2 
’ Ton n m/e* Rel. 
C1,SiMo(CO) Cp’ © 3 380 22.4 

2 352 5% 1 
1 324 58.4 
0 296 100.0 
C1,SiMo(CO) Cp” 3 245 15.9 
2 317 5.3 
1 289 2.5 
0 261 9.4 
MeC1,SiMo(CO) Cp” 3 360 4643 
2 ae 30.0 
1 304 35.2 
0 276 100.0 
MeC1SiMo(CO), Cp* 3 325 4.2 
2 297 7d 
1 269 1.6 
0 241 3.2 
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a. m/e values for Mo containing fragments 


27L. 


b 


Abund. 


b. The most abundant peak in spectrum is assigned 100.0 


c. m/e values for Roe containing fragments. 





a 


TABLE XXVII 


Mass Spectra of (C1,Si),Fe(CO) , and (MeC1,Si) ,FeCO) y 


fon on m/e Rel. Abund. * 
Piecenre coy 4 436 yas 
3 408 : 
2 380 12.5 
1 35 2 64.0 
0 324 of G 
C1,Si,Fe (Co) ” e 4 401 9.7 
3 373 4.0 
2 345 oe 
1 ely, 0.2 
0 289 4.3 
C1,SiFe(Cco) ” i 4 301 0.1 
3 273 By 
2 245 2/2 
iy 217 3.8 
0 189 roc 
C1,SiFe(co)* “182 5 3 
Cl,SiFe" 154 61.8 
Gigi 133 Bog 
Gue: et | 6.9 
c1si* 63 100.0 
Fe(CO).” 4 168 guy 
3 140 he 
2 112 11.9 
1 84 ye 
0 56 40.8 
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TABLE XXVII (continued) 


Ton 





; + 
Me,Cl Si,Fe (CO), 


a 


: + 
MeC1,Si.Fe(CO) , 


: aa 
Me.Cl Si,Fe(CO) . 


ia AS 


MeCl,Si* 
c1,si* 
-+ 
CLS® 
+ 
Fe(CO),, 


= 


d 


oe he GS oO i RS Gee ae ae 


Oo FF NM WwW & 


m/e 
396 
368 
340 
eo 
284 
381 
CL 
ro pe 
Bes al 
rou 


361 
a3 
305 
ADE 
249 


i 
98 
63 

168 

140 

Ia 
84 
56 


A fe 


Rel. Abunda. @ 


0.8 
Bin 8 
me 
100.0 
74.4 
5 ae. 
4.8 
4.0 
re 
py 


te 
4.8 
4.0 
4.2 
EAH 


27,5 
30.4 
96.0 

4.1 
10.4 
14.4 
AG 
Pann 


a. The most intense peak in the spectrum is assigned 


100.0 


b. m/e values for 
c. m/e values for 


d. m/e values for 


he 
354 
a 


37 
a 


Cl containing fragments 
Cl containing fragments 


3 containing fragments 


Pi 
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= ge. 
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TABLE XXVIII 


Mass Spectra of C1,SiFe(CO) 5Cp and MeC1.SiFe (CO) ,Cp 








Ton em a m/ev* = Rel. ABuna. 

C1,SiFe(CO) Cp 2 310 5.4 
1 282 lang 
0 254 48.1 

C1,SiFeICo) Cp” 2 275 

1 247 

219 
C1,SiFe” 189 0.6 
ClFeCp~ 156 100.0 
SiFeCp* 149 1.8 
@a,si* 133 0.9 
FeCp 121 10.8 
Sicp* 93 2122 
SiFe™ 84 ‘hee 
Cp" 65 SF 
Fe" 56 27.0 
MeC1,SiFe(CO), Cp" ¢ 2 290 6.9 
262 28.2 
234 100.0 

Cl,SiFe (CO) Cp” 2 275 
247 £i5 

219 


(continued...) 
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TABLE XXVIII (continued) 


Ion n m/e * Rel. Abund. 4 

MeC1SiFe(CO) Cp” 2 255 6.5 

1 227 Oy, 

0 199 2.9 
ClFecp* | 156 9.1 
SiFeCp* 149 res 
CpSiMecl™ ease) Plea 
FeCp* 121 OB '5 
Cpsicl1* 115 hey, 
CpSiMe* 108 47.9 
Cpsi* 93 84.4 
sic1* 63 6.9 
Fe? 56 Be A 
a. m/e values for ha containing fragments 


b. The most intense peak in the mass spectrum is 


assigned 100.0 


c. Measured mass at m/e = 311.8449; calculated value 
for */cl?°cl,SiFre(CO),Cp 311.8444. 
d. Measured mass at m/e = 289.9028; calculated value 


for Me~°Cl,SiFe(CO),Cp 289.9026. 
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TABLE 


Mass Spectrum of (C1,Si) ,HFe (CO) Cp 


Ton 


C1,Si,HFe(Co)Cp* °"4 


+d 
C1-Si,HFeCp- 


P 7 
C1.Si,FeCp 


C1,SiFe(CO)Cp* 


d 


er SiFeCp* 


3 


Cl.SiFe(CO)Cp* 


2 
: bs 
C1,SiFeCp 


e + 
C1,5iFe 


ClFeCp™ 


Cl,SiFe™ 


a+ 
C13Si 


FeCp* 


XXIX 


a 


Rel. Abund. 


b 


a. The parent ion C1,Si,HFe (CO) Cp is not observed. 


b. The most intense peak in the spectrum is assigned 


100.0 


c. Measured mass at m/e 


for 354 on 


d. m/e values for 


4 


cetmee be Ley Be 8 Wy 


1,” ‘C1SiHFe (CO) Cp 
35 


ew; 


Cl containing fragments. 


382.7719. 


calculated value 
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A, 
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2hi, 
TABLE XXX 


Mass Spectra of C1,SiHCr (CO) and Cl SiHMn (CO) ,Cp 


2— 6H 


3 
Ion m/e 2 Rel. Aband.” 
pater (CO) .Cy 320 0.3 
Bleeicr (CO) C,H 319 0.1 
Bi eiicr (Co) .caH a” 285 21.0 
os batee Tory Cole) poyord: y 284 50 
ere eaar 2a, 264 3.4 
C1,SiHCr (Co) C,H,” 257 0.4 
Bincicn (cO.C H: 256 0.5 
er SsuCroLn .* 229 7.8 
erosion a” 228 12 4 
HCr(Co)4C,H 187 7 
Prico).c H.” 186 51.0 
oh teal 185 ets 
clcrc,H.” 165 28.0 
Cr(CO)C,H,” 158 100.0 
Peer” 150 ie 
sat” 133 1A G 
noeG i. 131 ome 
Gre ane 130 67.0 
clsicr’ 115 1.5 
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TABLE XXX (continued) 


Ton 


C1,SiHMn (CO) ,Cp” 


3 


C1,SiHMn (CO) ,Cp* 


C1,SiMn(CO)Cp* 


3 


Cl,SiHMn(CO)Cp™ 


2 


C1.,SimMn(co)cCp* 


2 


Cl,SiHMncp~ 


3 


Ci SiMnCp* 


3 


Cl.SiHMncp* 


2 


C1l.,SiMncp* 


2 
Mn (CO) ,Cp™ 
HC1MnCp* 
C1lMnCp* 
HMn (CO) Cp* 
Mn (CO) Cp™ 
a 
C1,Si 
HMnCp* 


MnCp* 


a. m/e values for 


278. 


Cr-containing fragment 


b. The most intense peak in the spectrum is 


assigned 100.0. 
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TABLE XXXI 


Mass Spectrum of [Cl,SiFe(CO) ,]. 


—— 


Ton n m/e -- Rel. Abund.* 
‘SCURSE ccc Cote) ela 8 604 1.1 
7 ge 0.2 
6 548 0.2 
5 520 Y.2 
4 492 1.0 
3 464 ener 
2 436 2.8 
1 408 2.0 
0 380 at 
C1,Si,Fe,(CO) c 8 569 
7 541 
6 Bid 
5 485 
A 457 
3 429 
2 401 
1 aT 
0 345 0.3 
Bier re, (co). 4 8 534 . 
7 506 eet 
6 478 O.1 
5 450 0.1 
4 422 0.4 
3 394 0.6 
2 366 Ld 
1 338 30.4 
0 310 1.5 
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TABLE XXXI (continued) 


Ton 


: + 
SiFe(CO) . 


[3 


oOo FF NM Wits 


O FPawh W 


m/e 


301 
273 
245 


eL? 
1689 


Las 
168 
140 
iz 
84 
56 


Rel. Abund.® 


15.5 
ee 
14.6 


Sy 
cM ae 


a. 
20.5 
24.8 
ais o 
Uji Fe" 

100.0 
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The most intense peak in the spectrum is assigned 


100.0 
M/e values for 
m/e values for 


m/e values for 


354 
25 
356 


cl 
1, 
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a7 
af 
37 


Cl containing fragments 


Cl containing fragments 


Cl containing fragments 
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Mass Spectrum of Ph 


3 
Ton n K 
Ph4SiFe, (CO). 8 
7 
6 
5 
4 
e 
=Ph.SiFe(CO)," 2 4 
Pie k 
Ka i} 
0 2 
ub 
0 
Ph.SiFeICO) } 
oe 2 
Ph ,SiHFe (CO) 
-b 
Ph,SiHFe 
Ph,Sin™ 
a. 
Ph.Si 
3 + 
PhSil 
Posi 
+ 
Fe (CO) 4 
3 
2 
i 
0 
se No ions were obtained below 100°C 
b. The most intense peak in the spectrum 


100.0 


TABLE XXXII 


a 


SiHFe (CO) , at 105°C 


m/e 


518 
490 
462 
434 
406 
378 
330 
Je 
294 
266 
268 


oye 
344 
= Lb 
260 
259 
183 
182 
168 
140 
pe 
84 
56 
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Rel. Abund.? 
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is assigned 
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